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Temperature Variation of Mass Spectra of 
Hydrocarbons 


Robert M. Reese, Vernon H. Dibeler, and Fred L. Mohler 


The temperature variations of the mass spectra of a variety of hydrocarbons have been 
measured by using a Consolidated mass spectrometer. Measurements have been made in 
the temperature range of 100° to 300° C on a number of selected mass peaks in the spectra 
of 21 compounds. The sensitivity (current per unit pressure) of the maximum peak and 
the ratio of other peaks to the maximum peak have been measured as a function of tempera- 
ture of the ion source. The percentage change of sensitivity or of pattern per degree C at 
250° C has been defined as the temperature coefficient. This changes very little with 
temperature. The temperature coefficients of sensitivity for A and N, are —0.23 and —0.18, 
Sensitivity coefficients of the maximum peaks of the hydrocarbons range from —0.2 to 0; 
and pattern coefficients of most of the peaks have small negative or positive values, but the 
molecule ions have larger negative coefficients up to — 1.5 percent per degree. There is an 
inverse correlation between the size of the molecule ion peak relative to the sum of all the 
peaks and the temperature coefficients. Spontaneous dissociation of molecule ions because 
of thermal energy can account for this correlation between peak height and temperature 
coefficient. Published appearance potential data for a few of these molecules give a basis 
for computing the stability of the ions and show that thermal dissociation is to be expected 


at 200° to 300° C. 


I. Introduction 


In 1944, Hipple [1]? reported a marked tempera- 
ture effect on the relative abundance of various ions 
in mass spectra of hydrocarbons. In a subsequent 
note, Fox and Hipple [2] briefly described the effects 
of temperature on normal and isobutane and 2,2,3- 
trimethylpentane and pointed out that such effects 
were useful as a means of measuring the temperature 
of the ion source. More recently, Stevenson [3] has 
reported the temperature effects on a number of sim- 
ple molecules and has discussed the theoretical rea- 
sons for the existence of such effects. Berry [4] has 
examined the effect of temperature on the mass 
spectra of nine saturated and seven unsaturated 
hvdrocarbons. These experiments show that for 
monatomic gases and simple, stable molecules there 
is a relatively small decrease in ion current per unit 
of pressure with increasing temperature, arising from 
the decrease in gas density and from a decrease in the 
efficiency of collecting ions of higher initial kinetic 
In the hydrocarbons, the molecule ions 


energies. 





und some fragment ions show a temperature effect of | 


a much larger magnitude. The decrease in the mole- 
cule ion is greater than for any of the fragment ions, 
and Stevenson [3] finds that an inverse correlation 
exists between the temperature effect and the fraction 
of total ionization contributed by the molecule ion. 

This temperature effect is a phenomenon of impor- 
tance in understanding the mechanism of ionization 
of polyatomic molecules, and it is of a magnitude 
sufficient to cause large errors in mass spectrometric 
analysis if the ionization chamber is not held at a 
constant temperature. For these reasons, it has 
seemed worth while to extend the research on temper- 
ature effects to a wide variety of hydrocarbons. 

4 preliminary report of this work was made at the New York meeting of the 


rican Physical Society, February 1950. 
Figures in brackets indicate the literature references at the end of this paper 
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II. Experimental Details 


A Consolidated model 21-102 mass spectrometer, 
equipped with a thermostatted ionization chamber 
and automatic control of the electron emission was 
used to measure the effect of temperature on mass 
spectra. The leads of the thermocouple that nor- 
mally operates the thermostatic control were con- 
nected to a potentiometer in order to measure the 
temperature of the ion source. With the filament off 
and the source at room temperature, a sample was 
introduced and the filament was raised to full emis- 
sion as rapidly as possible. The relative abundance 
of a selected group of ions was repeatedly recorded 
at constant magnetic field as the temperature in- 
creased to about 200° C due to the heat of the fila- 
ment. At this point the external heat lamp was 
turned on, and data were recorded to over 300° C. 
As each mass peak was recorded, the temperature 
was read. Berry [4] has stated that the gas is in 
thermal equilibrium with its surroundings before 
ionization takes place. The gas temperature is as- 
sumed to be some function of the temperature meas- 
ured by the thermocouple. Total elapsed time was 
also recorded, and periodic readings of the sample 
pressure in the gas reservoir were made with an indi- 
cating micromanometer [5]. 

A typical temperature-time curve for the ion 
source is shown in figure 1. For this ion source a 
maximum temperature of 250° C was reached in 
about 1 hour. Radiation from the external heat 
lamp raised the temperature an additional 75°. 
If the heat lamp was turned on at 200° C, a tempera- 
ture of 300° C was reached in about 40 min, and 
during this time the selected ion peaks were suc- 
cessively recorded as rapidly as possible. One or 
more mass peaks in each of two to six carbon groups 
were recorded. In general, only the principal mass 
peaks in addition to the molecule ion were recorded. 
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The hydrocarbons used were NBS standard sam- 
ples with a few exceptions. Complete mass spectra 
of all of the compounds have been published [6] 
along with information on the source and purity of 
the compounds. Nitrogen containing approximately 
65 atom percent of N“ was obtained from Eastman 
Kodak Co., and argon was obtained from Air Redue- 
tion Corp. 
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Ficure 1. 


As a test of the method of measurement, we have 
repeated the measurements of Stevenson [3] on argon 
and nitrogen and the measurements of Berry [4] on 
n-butane and two of the octanes. There ts satis- 
factory agreement, and our method of measuring 
the temperature effect on spectra without waiting 
for temperature equilibrium seems to be entirely 
valid. This is important as it permits studying 
spectra of many compounds without prohibitive 
interruption of other research and testing programs. 


III. Experimental! Results 


Figure 2 is a plot of the data obtained for 12 peaks 
of n-octane at different temperatures. Ordinates 
give the sensitivity of the base peak of mass 43 and 
the pattern ratio for all other ions. When the 


lhe following definitions are used: The sensitivity is the ion current per unit 
pressure in the gas reservoir, the base peak is the maximum peak in the spectrum, 
and the pattern ratio is the intensity of any other peak relative to the base poak. 


pattern ratios and sensitivities are plotted on 
logarithmic scale against the measured temperatu: 
the resulting semilogarithmic plots are near 
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Ficure 2. Plot of the effect of temperature on the pattern ratios 
of selected peaks of n-octane. 


The ordinate for the 43 peak is in terms of sensitivity (divisions per micron) with 
a scale 100 times that indicated 


straight lines [4] and the slope of these curves at 
250° © in units of percentage change per degree 
centigrade has been taken as the temperature 
coefficient for the sensitivity and for the pattern 
ratio. The temperature coefficient for the sensi- 
tivity of any ion other than the base peak is equal 
to the temperature coefficient of the base peak plus 
the temperature coefficient of the pattern ratio. A 
temperature of 250° C has been selected as appro 
priate to the range of normal aperating temperatures 
for the Consotidated mass spectrometer. However 
most of the curves are nearly linear, and, in general 
the pattern ratios and sensitivities change ver) 
slowly with temperature. Berry has used a similar 
method of evaluating temperature coefficients but 
has computed values at 160° C, 
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Tarre l. Temperature coefficients of pattern coefficients and of sensitivity for parafiin hydrocarbons * 


2-me }-me- 2, 2-1 2,3-me 2,4-1 2.5-mee mes 
n-Butane n-Hexane . . — r - n-Octan 4 - ; 7 n-Decane 
. — Pentane Pentane Butane Butane ; . Hexane Hexane Butane ; 


+0. 02 +0. OS 
+. O07 
+.11 


07 
ow 
aw 


* Temperature coefficients are in units of percentage change per degree C, Numbers in italics are temperat ure coefficients of the sensitivity of the base peak All 
her numbers are temperature coefficients of the pattern ratio. Temperature coefficients of the pattern ratios of molecule ions are given in boldface type. Sensitivity 
covtlicients for peaks other than the base peak are given by the sum of the number in italics and the number given. 


TARLE 2 Temperature coefficients for mass spectra of miscellaneous hydrocarbons and other gases* 
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X 1 et ‘ dere ro a 
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ootnote to table 1 
m/e=20, has a temperature coeflicient of +0.04 for the pattern ratio and of —0. 19 for the sensitiv 


sative slope, whereas the molecule ion (m/e= 114 all of the mass peaks measured in the hydrocarbons, 
a large slope of —0.9 percent per degree. There | nitrogen and argon. These values have been read 
| fivefold change in the relative intensity of this | from plots iike that shown in figure 2 for n-octane. 
ik in the temperature range of 100° to 300° C. Values of the temperature coeflicient of the sensi- 
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\s shown in figure 2, most of the ions give a small Tables 1 and 2 give temperature coefficients for 











tivity are given for the base peak and are printed in 
italics. Other values pertain to the temperature 
coefficient of the pattern ratio. Coefficients of the 
pattern ratio for molecule ions are printed in boldi- 
faced type, excepting four compounds the molecule 
ions of which are also the most abundant ions. For 
these compounds, values of the sensitivity ccefficients 
are given and are printed in italics. 

A change in the pattern corresponding to a tem- 
perature coefficient of 0.01 percent per degree is 
measureable and probably significant for the larger 
peaks. The uncertainty in the measurement of the 
temperature coefficient of sensitivity is several times 
as large as this. Some of the molecule ion peaks are 
very small, and their temperature coefficients are 
subject to an uncertainty of at least 10 percent of 
the value given. In l-octyne the molecule ion peak 
at m/e=110 is almost entirely accounted for by the 
C™ isotope of the 109 peak, CsH,,*. Consequently, 
the molecule ion is immeasurably small. 

The nitrogen measurements were made on a 
mixture of N'™ and N® in which the NN" 
molecule was the most abundant. The tempera- 
ture coefficient is probably not significantly different 
from that of ordinary nitrogen. The experiment 
was made to investigate a possible temperature 
effect on the patterns of isotopic nitrogen molecules, 
but the results were negative. 

In tables 1 and 2, compounds have been divided 
into paraffins and other hydrocarbons for con- 
venience in tabulation only. We see no significant 
difference in temperature coefficients between satur- 
ated and unsaturated compounds. In all hydro- 
carbons, as in n-octane, the molecule ion has the 
largest temperature coefficient, and in most cases 
it has by far the largest value with a range of values 
from —1.3 to —0.14. Temperature coefficients for 
the sensitivity of the base peak have small values 
ranging from 0 to —0.2. Pattern ratios sometimes 
have small positive temperature coefficients of + 0.1 
or less 

The peak at m/e=110 in 2,5-dimethylhexane is 
the result of a metastable transition arising from a 
molecule ion of mass 114, which loses two hydrogen 
atoms after traversing the ion accelerating field to 
give an ion with an apparent mass of approximately 
110 rather than 112. One would expect a higher 
energy level for the excited state corresponding to 
the metastable dissociation. As the temperature 
coefficient of the 110 peak is definitely less than that 
of the 114 peak, it would appear reasonable that 
increased temperature results in increased proba- 
bility of excitation to the metastable state. 

Table 3 summarizes the temperature coefficients 
of pattern ratio and of sensitivity for all of the mole- 
cule ions in tables 1 and 2. For most of the molecules 
the two coefficients are rearly equal, as the temper- 
ature coefficient of sensitivity of the base peak is 
relatively small. Stevenson [3] has pointed out 
that there is an inverse correlation between the 
temperature effect and the fraction of total ionization 
contributed by the molecule ion. The last column 
in table 3 gives this fraction for the various mole- 
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cules. The fraction is computed from publis! 
spectra [6). 
TaBLe 3. Temperature coefficients for pattern and sensiti , 


’ 


of molecule ions in Percentage per degree at 250° ( 





Num- . Pattern Sensitiv- | ;_. st 
Compound 4 ity coef- = 1 
be »flicie yi 
er coetticient ficient of ion 
1 n- Butane —0. 35 —0. 50 0. 040 
2 n-Hexane —.51 —.62 025 
$ 2-Me pentane —. 85 —.91 009 
4 3-Me pentane —. 78 —. 87 O07 
5 2,2-Me: butane —. 04 —L1 0008 
6 = -2,3-Me>» butane —. 69 —0. 70 On 
7 n-Octane —. 90 —. 88 on 
s 2,4 Me» hexane —1.3 —1.3 O04 
” 2,5-Mey> hexane —L1 —1.2 rid) 
th) 2,2,3,3-Me, butane —1.3 —1.5 000! 
il n- Decane —1.1 —1.1 OW 
12 1-Hexene —0. 40 —0. 45 O44 
13 1-Octene —. 83 —. 3 o4 
4 1- Decene —1.2 1.2 O08 
15 Propyne —0. 14 41 
16 4+ Me-1-Pentyne —0. 97 —1.1 005 
17 Cyclohexane —.22 —(), 28 16 
Is Benzene —.17 3 
ly Argon -. 23 1 
2» Nitrogen —.18 0.04 


* Ratio of molecule ion peak to sum of mass peaks at 250° C 


Figure 3 is a plot of the data in the last two columns 
of table 3 showing the correlation between the 
temperature coefficient of sensitivity and the recip- 
rocal of the ratio in the last column of table 3. 
Ordinates give the logarithm of the ratio, and 
abscissae give the temperature coefficient. The 
compounds are identified by referring to the index 
numbers in table 3. Except for two of the points 
there is a good correlation between the two quan- 
tities plotted. The two compounds that give points 
far above the curve, 2,2-dimethylbutane and 2,2,3,5- 
tetramethylbutane, have very small molecule ion 
peaks; and although the measurements are quite 
inaccurate, the evidence is fairly convincing that 
the curve cannot be extrapolated to very small 
values of the ratio of molecule ion to total ionization. 
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Figure 3. Correlation of the temperature coefficient of ( 
molecule ion with the fraction of total ionization contribut 
by the molecule ion. 
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IV. Discussion of Results 


ese Measurements are in satisfactory agreement 
| published results on temperature effects. 
-enson’s measurements [3] indicate values of 
21 for the temperature coefficient of sensitivity 
argon and —0.18 for nitrogen. (These values 
based on data read from published curves). 
values were —0.23 and —0.18, respectively. 
rv’s [4] values for the molecule ion of n-butane 
160° C) were —0.3 for the coefficient of the 
attern ratio and —0.6 for the coefficient of the 
Our values (table 3) were —0.35 and 

0.50, respectively. His values for 2,4-dimethyl- 
hexane are —1.0 and — 1.4, as compared with values 
of —1.3 for both coefficients in table 3. Berry’s 
values foe temperature coefficients of other mass 
peaks in this spectrum and in 2,2,3,3-tetramethyl- 
butane differ in detail however from data in table 1. 

The sensitivity for monatomic gases and stable 
molecules will decrease with increasing temperature 
because of the decrease in gas density, and because 
the collecting cfliciency of the mass spectrometer de- 
creases with increasing kinetic energy of the ions. 
Stevenson [3] has shown that the temperature effects 
for the rare gases, N, and CO, conform to theory. 
The gas density effect will give a temperature coeffi- 
cient of —0.10 percent per degree, and the collecting 
efficiency will decrease by an amount that depends 
on the instrumental operating conditions. In the 
Consolidated mass spectrometer the ion accelerating 
voltage and the voltage drawing ions from the ion 
source vary inversely as the mass of the ions, so 
there will be a larger temperature coefficient for 
larger values of m/e. The small differences in tem- 
perature coefficients of sensitivity for A* and A** 
and for A* as compared with N,* are accounted for 
by this mass effect. 

The temperature coefficients for molecule ions of 
most of the hydrocarbons listed in table 3 are much 
larger than the approximate value of —0.2 percent 
per degree arising from the changing gas density and 
collecting efficiency. The experiments suggest that 
higher temperatures result in an increased proba- 
bility of excitation to states corresponding to loniza- 
tion with dissociation rather than to states corre- 
sponding to ionization alone. This accounts for the 
inverse correlation of the temperature coefficients 
and the relative size of the molecule ion. Further- 
nore, for stable molecules in which the energy of the 
excited state corresponding to dissociation is con- 
siderably higher than that of the state corresponding 
to ionization, the temperature coefficient of the 
tiolecule ion would be expected to be small, and a 
large fraction of the total ionization would be con- 

sited by the molecule ion. For benzene and 

pyne the temperature coefficients are actually 

‘itly less than for monatomic gases (the small 

erence may not be significant), and the molecule 
sare evidently quite stable. 

“or other molecules, a decrease in the molecule ion 

k with increasing temperature must result in 
increase in some of the fragment ions, and it is 


to be expected that the total ionization will have a 
small negative temperature coefficient comparable 
to that of a monatomic gas. The data in tables 2 
and 3 support this conclusion, for although the 
spectra are incomplete most of the large peaks are 
included. Thus, in n-octane if each temperature 
coefficient of sensitivity is multiplied by the peak 
height and the sum of these products is divided by 
the sum of the peaks, the resulting weighted mean 
temperature coefficient of sensitivity is approxi- 
mately —0O.1 percent per degree. his indicates 
that the probability of ionization of a molecule is 
not affected by temperature, but the dissociation of 
the ions into fragments is temperature sensitive. 
The stability of a molecule ion may be measured 
by the appearance potential of the molecule ion as 
compared with that of the fragment ions. These 
potentials are known for a few of the molecules 
listed in table 3, and data are given in table 4. The 
third column gives the appearance potential of the 
molecule ion, the fourth column is the lowest appear- 
ance potential at which a fragment ion appears. 
The fifth column is the difference of these two po- 
tentials, and it measures the stability of the molecule 





ion in electron volts. The last column is the 
temperature coefficient of sensitivity from table 3. 
The molecule ion must have an excess of energy 
equal to or greater than the value in column 5 to 
dissociate spontaneously and give a fragment ion. 
The appearance potentials of propyne have not been 
measured, but the isomer propadiene (allene) has a 
nearly identical mass spectrum, and it must have 
nearly the same appearance potential. As appear- 
ance potentials are subject to uncertainties of several 
tenths of a volt, the small differences listed for these 
compounds are quite uncertain. (The two sets of 
values for n-hexane indicate uncertainties of the 
same magnitude as the differences. ) 


Tapsie 4. Stability of molecule ions and temperature coefficient 
of sensitivity 


Appearance potentials , 
rempera- 
Frag- ture co- 
Mole- . Differ- efficient 
: ment 
cule ton ence 
ion 


Compound 


Volts Volts lolls 
Nitrogen [ 15.7 24.3 8.6 
Benzene {s} ‘ 15.5 5.7 
Propyne 

Propadiene {9} 9. ¢ 2.5 26 
C yclohexane is) 7 
n- Butane {10} 


a f {it} 
n-Hexane \ 113) 


2-me Pentane {13} 
3-me Pentane {13} 
2,3-me; Butane {13] 


The data indicate that benzene and propyne are 





quite stable compared to the other hydrocarbons 
listed, and one would not expect to find appreciable 
thermal dissociation at 300° C. This is consistent 
| with the experimental values of the temperature 

coefficient. Molecule ions of most of the compounds 
| listed in table 3 probably have stabilities of a few 
tenths of a volt or less. Thus, from the energy 
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viewpoint, there is no difficulty in understanding why 
the heavier hydrocarbons have small molecule ion 
peaks with a large negative temperature coefficient. 
It is to be noted, however, that in the mass spectrom- 
eter the molecule ions must spontaneously dis- 
sociate in less than 10°' 
fragment ions, and the thermal dissociation energy 
must come from internal vibrational or rotational 
energy. lons undergoing any collisions with walls or 
other molecules are not recorded. It would not be 
impossible for an ion of negative energy to be ob- 
served provided the transition to the dissociated 


state involved a long half-life compared with 107° | 


seconds. Fox and Langer |12] find that in n-butane, 
fragment ions C;H;* and: C;H,* appear at the 
appearance potential of the molecule ion in very low 
abundance and then increase sharply in abundance 
at a potential a few tenths of a volt higher. This 
effect is probably related (o the temperature effect 
discussed in this paper and suggests a serious diffi- 
culty in the accurate measurement of appearance 
potentials. 

Berry [4] has pointed out the practical implications 
of the temperature effect in chemical analysis. Ac- 
curate control of the temperature of the ionization 
chamber is essential for reproducible results, and this 
is more important for heavy hydrocarbons in the 
gasoline range than for light gases. In a comparison 
of results with different instruments, temperature 


differences can be a more important factor than differ- | 


ences in the other operating conditions. As tem- 
perature gradients undoubtedly exist in the ioniza- 
chanber, accurate control of the temperature at one 
point may not be sufficient to insure reproducible 


’ seconds to be recorded as | 





spectra. It has been suggested that a better way 
maintain reproducibility of spectra is to maintan 
constant pattern ratio for the molecule ion of 
butane by slight variations in the indicated tempe 
ture of the ionization chamber. We have not 
seen experimental evidence, however, to prove t! 
this is better than accurate temperature contro! 
one point. 


The authors are grateful to Helen Dean for aid: 
in the measurement of peak heights in most of the 
mass spectrograms, 
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Absorption and Emission Spectra of Promethium 
William F. Meggers, Bourdon F. Scribner, and William R. Bozman 


Five milligrams of promethium ('‘{{]Pm) separated from fission products at the Oak 

Ridge National Laboratory, were loaned by the United States Atomic Energy Commission 

for this investigation. The absorption spectrum of this sample in solution was plotted 

v between 3500 and 10000 angstroms; the principal bands have wavelengths 494.5, 548.5, 
568.0, 685.5, 735.5 millimicrons (+0.5 millimicrons). Small portions of the sample were 

dried on copper electrodes employed in photographing alternating-current arc and spark 

spectra with a concave grating of 22-foot radius. Excepting Sm, into which Pm decays, 

no other rare earths could be detected in this sample, but common chemical contaminants 

were troublesome. Between 2200 and 6900 angstroms the wavelengths and relative inten- 

sities of more than 2,200 new spectral lines were determined, but it was not possible to differ- 

entiate Pm tand Pm 1 lines with the light sources employed. The strongest Pm lines have 

wavelengths 3892.16, 3910.26, 3919.09, 3957.74, and 3998.96 +0.02 angstroms. Hyperfine 

structure is suspected in some Pm lines, indicating that the nuclei of '4] Pm atoms possess 

7 mechanical and magnetic moments. Confirming the findings of the Oak Ridge National 
Laboratory, both the absorption and the emission spectrum identify this fission product as 

a new element of rare-earth type; they provide positive proof that the long-sought element 





with atomic number 61 has been discovered. 


I. Introduction 


In a paper read before the Bohemian Academy 


mium oxide vielded fractions showing variations in 
absorption spectra and X-ray lines proving the 
presence of element 61, for which they proposed the 


. and the Russian Association of Scientists in 1902, | name florentium. Up to the present time none of 
“ Brauner [1] ' came to the conclusion that only seven | these “discoverers”? has substantiated their claims, 
6, elements remained to be discovered. One of these, | nor have any other scientists succeeded in separating 
; he said, must lie between neodymium and samarium | element 61 from natural sources. Recent applica- 
9 because the atomic weights of these two elements | tion of Mattauch’s rule |6] and of considerations 
20 differed by 6.1 units, whereas the average difference | [7, 8] on nuclear instability lead to the conclusion 
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between the atomic weights of two neighboring rare 
earths is only 3 units. This was undoubtedly the 
first prediction of a missing rare earth, which ever 
since has been the object of search and controversy. 
Moseley’s [2] discovery in 1913 of a quantitative 
relation between Réntgen frequencies and atomic 
numbers confirmed Brauner’s prediction and fixed 
the atomic number of the unknown rare earth as 61. 

In 1926 reports of the concentration and identifi- 
cation of the element with atomic number 61 came 
practically simultaneously from three different 
sources. A neodymium concentrate from Brazilian 
monazite was submitted to X-ray examination by 
Cork, James, and Fogg [3], who reported that seven 
L-series lines corresponded to predicted lines of 
clement 61. Harris, Yntema, and Hopkins [4] 
claimed that the fractionation of cerium group 
material as double magnesium nitrate concentrated 
clement 61 between 60 Nd and 62 Sm. They based 
their claim to the discovery of this clement on three 
different lines of evidence: five are-spectrum lines 
305.8, 3329.1, 3342.5, 3378.0 and 3379.2 A) com- 
iron to pure Nd and Sm and to intermediate frac- 
lions, the presence in intermediate fractions of 
ibsorption bands (5,816 and 5,123 A), which became 
stronger as those of Nd and Sm became weaker, 
nd the presence of two lines (2.2781 and 2.0070 A) 
i the X-ray spectrum near the theoretical positions 
or Ley, and LB, of element 61 for which they pro- 
sed the name illinium. Rolla and Fernandes [5] 
eported that experiments with commercial didy- 


cures in brackets indicate the literature references at the end of this paper 


that element 61 is either nonexistent in nature or 
could occur only with extremely low abundance. 

Following the discovery of artificial radioactivity 
in 1934, several attempts have been made to produce 
isotopes of element 61 by bombarding other rare 
earths with particles accelerated in cyclotrons. 
Thus, indications were obtained [9, 10] that an 
unstable isotope of element 61 may be produced by 
bombarding praseodymium with alpha particles, but 
the amounts made in this manner were too small 
to investigate the atomic weight and properties other 
than radioactive. The first positive identification 
of isotopes of element 61 came in 1946 when Marin- 
sky, Glendenin, and Coryell [11] separated and 
chemically identified 47-hour and 3.7-vear half-life 
isotopes found among uranium fission products. 
From a fission vield of 1.4 percent the former was 
judged |12] to have an integral mass of 149, and the 
latter with a fission vield of 2.6 percent was found 
{12] with the mass spectrometer to have atomic 
weight 147. The discoverers of element 61 proposed 
[13] that this new element be named prometheum 
(symbol Pm). 

The separation of milligram quantities of element 
61 from fission was described in 1948 by Parker and 
Lantz [14]. Portions of this sample were used by 
Burkhart, Peed, and Spitzer [15] for the measure- 
ment of four lines in the Réntgen K spectrum, and 
by Peed, Spitzer, and Burkhart [16] for the measure- 
ment of six lines in the Réntgen L spectrum, thus 
obtaining evidence that the material was clement 61 
Three milligrams of sample recovered from the X-ray 
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tube were then applied to investigations of optical 
emission and absorption spectra. Part of this 
sample was used by Feldman [17] to photograph a 
portion of the are spectrum in the ultraviolet; seven 
lines (3366.05, 3377.64, 3391.25, 3418.67, 3427.42, 
3441.09, 3449.81 A) characteristic of element 61 were 
reported, but the five lines previously presented by 
Yntema [18] were not confirmed. he remainder 
of this sample was used by Parker and Lantz [19] 
for an investigation of the absorption spectrum of 
element 61 in which they found ten principal bands 
with wavelengths 459.5, 493.5, 548.5, 568.0, 629.0, 
685.0, 702.7, 737.2, 785.0, and 810.0 mu. The spark 
spectrum of element 61 was first investigated by 
Timma [20], who published approximate intensities 
and wavelengths for 59 lines ranging from 3629.8 
to 4381.9 A. 

At the request of the National Bureau of Stand- 
ards, the United States Atomic Energy Commission 
supplied on loan 5 mg of “{Pm for the purpose of 
studying the optical spectra of this fission product 
in some detail. The sample was delivered in March 





1949, and a preliminary report on the absorption | 


and emission spectra of promethium [21] was given 
at a meeting of the Optical Society of America on 
March 11, 1950. In the present paper the authors 
present the methods and results of their investiga- 
tions of spectroscopic properties of the last dis- 
covered rare-earth element, now called promethium 
[22]. 


II. Absorption Spectrum of Promethium 


The 5-mg sample of Pm was received in the form 
of the nitrate; this was dissolved in 0.5 ml (H,Q+ 


HNO,;) to make a concentration of 10 mg Pm/n 
that is, 0.030-molar Pm (NQs); solution. his pin 
colored Pm solution was transferred to a 1- 
quartz cell of a Model DU Beckman Quartz spect; 
photometer for the observation of absorption ban: 
A diaphragm limiting the exit light beam to 
height of 2 mm was mounted in the filter slide ahe: 
of the solution, and the absorption cell was elevat; 
in its holder so that the light beam could pass u 
obstructed through the solution. Transmittan 
measurements were made relative to a blank « 
containing water. Before making observations « 
Pm the instrument was checked with a 0.076-mol.; 
solution of Nd(NQOs);, and then the wavelengt}) 
scale was carefully calibrated from 253.6 to 1128.7 
my by using Hg, Ne, and H lines. During the run 
on Pm, transmittance measurements were made «| 
intervals of 5 my or less. The results were plotted, 
and a curve drawn to represent the absorption 
spectrum of Pm is reproduced in figure 1. From 
this curve the wavelengths of at least eight absorp- 
tion bands characteristic of Pm were estimated with 
an uncertainty of less than 1 mg. The wavelengths 
representing Maximum absorption in each band are 
shown in table 1, where they are compared with 
similar values (and molar extinction coefficients 
reported by Parker and Lantz [19]. The agreement 
is exceedingly good. In addition to the eight princi- 
pal bands given in table 1, our absorption observa- 
tions suggest the existence of five faint bands with 
approximate wavelengths 403, 450, 590, 628, and 
803 mu. The first of these coincides with 402.5 mu 
reported by Parker and Lantz [19], and ascribed to 
Sm because this is the strongest absorption charac- 
teristic of Sm and because Pm naturally transmutes 
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Figure |. Absorption spectrum of 0.030-molar promethium nitrate solution (10 mg Pm/mil). 
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Sm. The faint bands at 450 and 590, although 

{ mentioned by Parker and Lantz [19], are also 
scernible in their absorption curves, while the last 
o may correspond to the faintest bands reported 
them to have wavelengths 629.0 and 810.0 mu, 
spectively. These weak bands probably deserve 
rther investigation to prove that they belong to 
’'m. These descriptions of the absorption spectrum 
rove that Pm is a rare earth, resembling Nd or Sm 
| possessing strong, relatively sharp, bands. These 
bands are uniquely characteristic of Pm; they cannot 
be confused with bands belonging to other rare 
earths, least of all with those reported for illinium [4]. 


Tarie 1. Principal absorption bands of promethium 


NBS Parker and Lantz 
| 


Molar ex 
tinction 
coefficient 


Wavelength Wavelength 


me mip 
459. 540.5 459. 540.5 0 | 
104.54+0.5 493. 540.5 1.2 
548. 5+0.5 548. 5 +0. 5 2. 
568. O+0. 5 568. 040. 2 2 
629. 0+1.0 0 
685. 5+0.5 685. 040.2 l 
702. 541.0 702. 7+0.3 1.6 
735. 540.5 737. 220.2 1.9 
784. 0+1.0 7S5. O40. 2 1.1 


S10.0+0.1 0.6 


Ill. Arc and Spark Spectra of Promethium 


Because Pm is a typical rare earth, like Nd or Sm, 
its are and spark spectra could be expected to consist 
of thousands of lines of moderate to weak intensity. 
Furthermore, because all rare earths are easily 
ionized, the second spectrum is strongly excited in 
arcs as Well as in sparks and the first spectrum can 
be generated strongly in ares only if ionization can 
be restrained in some way. In all complex spectra, 
especially those of rare-earth elements, it is highly 
desirable to differentiate the first and second spec- 
trum; otherwise it is hopeless or meaningless to find 
regularities among the spectral lines. Before making 
any are or spark spectrograms of Pm, some pre- 
liminary tests were made with Sm to determine if 
two different excitation conditions afforded by the 
\pplied Research Laboratory Multisource unit, and 
successfully emploved by Meggers and Scribner [23] 
i separating the first two spectra of Te, could be 
applied to rare earths. The answer was no. 

Previous experience with are spectra of rare earths 
on copper and on carbon electrodes showed that the 
second spectra were somewhat enhanced in carbon 

pectrograms, but this method was not applied to 
?’m because the sample was too small and the 
vanogen bands would interfere seriously. 

Finally, experiments were made to restrain the 
onization in the alternating-current are by adding 
ifficient cesium to a rare earth. Trials with pure 
sm samples admixed with 20, 10, 5, or 2 percent 
[Cs showed that the addition of Cs actually weak- 
ned both Sm spectra, but Smu more than Smt. 
'y comparing relative intensities of Sm _ lines in 


916783—51——-2 





spark spectrograms with alternating-current are 
spectrograms obtained by adding 5 percent of Cs to 
the sample, it was indeed possible to distinguish 
between Smr and Smit lines. When the same 
conditions were imposed on Pm, the results were 
disappointing; the Pmt lines could not be dis- 
tinguished from Pmiut lines by comparing line in- 
tensities in juxtaposed spectrograms made with 
oscillatory are and spark discharges, even when 5 
percent of Cs was added to the are sample. It was 
suspected that these efforts to sort Pmt and Pmt 
were frustrated by the abundance of common 
chemical impurities, which probably equalized ion- 
ization in all the light sources that were tried. 

The light sources consisted of oscillatory are or 
spark discharges between '\-in. copper rods bearing 
50 to 400 ug of Pm on clean machined ends. These 
electrodes were mounted in a stainless-steel cylin- 
drical cell provided with a quartz window at one 
end and with an air exhuast through a glass-wool 
filter designed to trap the vaporized Pm for future 
recovery. Although the first electrodes were circular 
in cross section, the later ones were machined with 
rectangular ends about 3 mm wide to reduce lateral 
fluctuations of the discharge and concentrate more 
light on the spectrograph slit. After the copper 
electrodes were cut, a thin laver of wax (one drop of 
a solution of 0.1 g of Apiezon M in 100 ml of petro- 
leum ether) was dried on the machined ends. Then 
with the aid of a remote control pipette, Pm solution 
was transferred to the electrodes and dried with an 
infrared heat lamp. The duration of exposure for 
spectrum photography was limited to 30 or 40 sec- 
onds, because successive use of the same loaded 
electrodes showed that nearly all of the added mate- 
rial was burned off in this time, and a longer time of 
exposure only enhanced the spectrum of copper. 

Spectrograms were made with a concave grating 
of 22-feet radius and 15,000 lines per inch. In the 
first order spectrum the resolving power is nearly 
50,000 and the reciprocal linear dispersion about 5 
A/mm. A slit width of 22 » was used. 

Three positions of the grating and 20-in. plate 
holder recorded the spectrum between 2,200 and 
9,000 A with successive exposures on three types of 
photographic plates. The region 2,200 to 4,700 A 
was photographed on Eastman 103-uv_ sensitized 
plates, the region 4,400 to 6,900 A on Il F sensitized 
plates, and 6,500 to 9,000 A on LN hypersensitized 
plates. In the long-wave region, the ARL Maulti- 
source unit strongly excited the spectra of atmos- 
pheric nitrogen and oxygen, and the spectrum of Pm 
was disappointingly weak. For that reason we are 
restricting this report to observations on Pm spectra 
between the limits 2,200 and 6,900 A, 

Because Pm decays by 8” emission to Sm, a 
spectrogram of pure Sm was recorded beside each 
Pm spectrogram. By sliding a slotted diaphragm 
in front of the slit, a series of adjacent spectrograms 
was made as follows: iron arc, copper spark, sa- 
marium spark on copper, promethium spark on 
copper, iron are as shown in figure 2. On some 
spectrograms, exposures to promethium are on cop- 
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Figure 2 


per and to copper are were inserted before the final 
iron. At least two satisfactory spectrograms were 
made for each of the first two spectral ranges men- 
tioned above, and the best ones were measured twice. 
This gave at least six determinations for lines appear- 
ing in the overlapping portions of these ranges. The 
positions of Pm lines relative to iron standards were 
measured to 0.001 mm with an excellent 50-cm 
comparator constructed by the Gaertner Scientific 
Corp. All lines appearing in the Cu plus Pm spec- 
trograms that were not duplicated or masked in the 
Cu comparison spectra were measured, even though 
many were easily recognized as impurities. The 
principal lines of Sm appeared in the Pm spectro- 
grams with about | or 2 percent of their intensity in 
the Sm comparison spectra, and many such lines 
were measured as internal standards to check the 
final wavelengths. Incidentally, it appears that 
accurate Measurements of Intensity ratios of Pm:Sm 
lines at intervals of several vears could lead to an 
independent determination of the half life of Pm. 
These Sm lines are omitted from our Pm table, but a 
few approximate coincidences are retained because 
intensity indicate that real Pm lines are 
present. 

Table 2 contains the measured wavelengths and 
estimated relative intensities of 2,249 new spectral 


ratios 
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Spark spectra of promethium and samarium 


lines believed to belong to Pm atoms and ions. It is 
most likely that a majority of these lines are charae- 
teristic of Pm* ions, but some, especially im the 
visible spectrum, may belong to neutral Pm atoms. 
Unfortunately, it was not possible with the available 
sample to differentiate the Pmit and Pm i lines 
with the light sources emploved. Whether or not 
the impurities in this first sample can be blamed for 
equalizing excitation in different sources remains an 
open question. Excepting a trace of Sm, no other 
rare earths could be detected spectroscopically in 
this Pm sample, but common chemical impurities 
were abundant and troublesome. In all, nearly 
double the number of lines reported in table 2 were 
measured on Pm spectrograms, but those not re- 
ported were identified as belonging to Mg, Ca, Sr, 
Ba, Li, Na, K, Cr, Mn, Fe, Co, Ni, Si, Zn, Pb, and 
Al. It is possible that some real Pm lines have been 
masked by impurity lines, or atmospheric lines, and 
it is certain that in such a rich spectrum some Pm 
lines have been obscured by the principal lines of 
copper, 3248, 3274, 5106, 5153, 5218, 5700 and 
5782 A. The agreement of wavelength values derived 
from different spectrograms, and also the agreement 
with the wavelengths of impurities, indicates that th 
values presented in table 2 are rarely uncertain by 
more than + 6.02 A, 
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TABLE 2. 


Wavelength; c=complex; d=double; h=hazy; H=very hazy; 
l - shaded to longer waves; «=shaded toshorter waves; w =wide 


6872. 


GRDS. « 
6857. + 


6843. 
6840. 


6837. 
6832. 
6831. 
6824 
6822. 


OSLS. 
6811 


6810. 5. 


6809. 


6802. 95 


6798 
6798. 
6797 


6796 


6793. ; 


6787 


6783. 5 


6783. 
6776 
6774 


6773. : 
6772. 2 


6771 
6767. 
6763. 


6762 
6761 

6761. 
6758 
6756 


6755 
6755 
6749 
6744 


6742 


6732 
6729 
6727 
6726 
6722 
6720. 
6714 
6712 
6709. 
6706 


HbH9S 
H6O9OS 
6696 
6692. 
Hoo! 


H6H90 
HOS 
H6HS0 
H66S 
6665 


91 
30 


17 
10 
93 
Q5 
S7 


30 
Sl 
14 
09 
27 
S2 
63 
39 
605 


x2 


09 
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Intensity 


to bo SSI 


wat Ho 


lo 
BY 
20 
9 
2h 


+ Sm 


6661. 
6659. 
6653. ¢ 
6652. 5 


25 
05 


6649. 97 


6643. 
6639. ! 
6637. ¢ 
6635. 3% 
6635. 


6628. 
6625. 5 
6623. 
6622. 


6614. 


6613. 
6613. 
6598. 
6592. 2 
6586. 


6576 


6567. ‘ 


H55S. 


6554. 


6553 


6550. 
6546. 


6545. 
6544. 
6536. 


6520 


6524. 
6524. 
6523. 
6522. 


39 


03 
af 
1S 
17 
24 


5S 
74 
OS 
33 
OS 


Su 

19 
32 
O05 
03 


6520. 37 


6519 
6518S 
6517 


6514 


6509 


6507. 


6501 


6400, ¢ 


OH4SS 


648s 


OATS. 


6474. ° 


H469 


H460%. © 


HAGS. ? 


6467. 36 


6464 
6453 


452. ° 


6451 
6450 
6448 
O446 
OH446 


Intensity 


10 
10 


onibo 


lh 
3 


TABLE 


6443. % 


6442. 
6440. 
6438. 
| 


6436. : 


6433. 


6430. ¢ 


6429. 
} 6428. 
6427. 


6426. 


6425. 7 


6424. 


6422. ! 


6420. 


6418. 5s 


H416. 
6415. 


6415. 2 


H413. 


6412. 
O411. 
6409 
6401 
6401 


6400 
6399 
6305. 


6300. 2 
O38. - 


9 


«. 


O386. 52 


6383. 7 


6383. 
637%. 


6378. ‘ 


6378. ; 


6375 
6375. 
6373 
6372 
0371 

O3600 
H306 


H360. ¢ 


6359 


6356. ¢ 


O356. 
6352. 
6351 

O34 


6343 


O341.- 


6330 
6334 


6333. 55 


6332 


6329. ¢ 


6326 


6323. 7 
6323. ; 
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2h 
3 


ty 


3h 


6322. 
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6306. 56 


6304. 
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6289. 
6287. 
6286. 
6284 

6280 


6274. 5 


6266. 


6264. 5 
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6257. 
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Tapie 2. Emission spectra of promethium—Con. | TaBLE 2. Emission spectra of promethium—Con, 


A Intensity » Intensity | \ Intensity N Intensity 
6177. 85 3h 6027. 11 20 | 5915. 73 l 5806, 29 5 
6175. 35 3 6025. 70 Se 5914. 89 2 5804. 13 2 
6173. 41 2h 6022. 74 4 5910. 62 l 5802. O1 l 
6171. 74 2h 6022. 12 2h | 5907. 42 l 5SO1L. 85 lh 
6159. 53 10 6018.29 5 | 5905.87 LH 5801. 38 I 
6156. 14 3e 6015. 15 l 5905. 48 l 5800. 91 lh 
6152. 00 lhe 6014. 16 l | 5904. 67 4 5800. 69 2h 
6151. 70 i 6013. 68 l 5904. 16 4 5798. 26 l 
6147. 65 lh 6012. 73 3he | 5901. 87 8 5794. 59 lh 
6134. 64 2h 6009. 09 2h 5899. 76 15 5794. 07 lh 
6133. 99 2h 6008. 04 3 5SS8S4. 85 l 5793. 32 3 
6133. 35 lh 6006. 10 1 } 5S82. 16 l 5792. 17 l 
6132. 05 l 6003. 50 4 | 5SS81. 24 l 5790. 78 lh 
6126. 79 3 5997. 74 l 5880. 5S l 5789. 30 2 
6121. 08 3 5997. 09 15+ Ba 5878. 76 10¢ 5789. 15 : 
6120. 70 lh 5996. 03 ! 5876. 51 lH 5788.89 6 
6119. 38 2 595, 24 lh | 5875. Sl 20¢ 5785. 74 l 
6117. 35 3 5994. 24 l 5873. 09 th 5784. 70 l 
6116. 67 2 5992. 44 1 | 5872. 56 lh 5783. 50 2 
6114. 90 10 5YRSK. 59 2hi 5869. 51 lh 5780. 75 4 
6109. 72 2 5987. 13 10« 5868. 79 30¢ 5778. 19 3 
6107. 27 lh 5983. 06 3e 5868. 14 l 5777. 18 3 
6101. 10 6 5YR2. 40 4, 5867. 72 2 5774. 03 2 
6100. 16 6 5981. 71 1 5866. 13 2 5773. 68 3 
6097. S84 2h 5979. 09 3d | 5863. 65 3 5772. 19 10: 
6097. 23 3 5978. 41 2 5862. SO 2h 5769. 32 3 
6006. O04 Qh 5977. 44 lh 5862. 05 4 5769. 12 2 
6004. 69 2 5974. 98 lh SS61. 16 lil 5768. 11 20 
6094. 11 3h 5973. 52 lh 5853. 04 lh 5766. 92 2 
6090. 41 2 5972. 19 2 | 5849. 64 3 5765. 73 2 
GORY. 27 lh 5967. 83 th 5S44. 67 l 765. 36 6 
6087. 41 l 5967. 17 l 5841. 71 l 764. 73 lh 
6085. 41 20 5963. 00 15 5S41. 00 s 5760. 86 3 
HOR L. 62 2h 5960. OS 10¢ 5837. 32 l 5758. 15 2 
6079. 64 3 559. 15 l 5836. 65 l 5756. SO lh 
6076. 40 10 5956. 65 I 5835. 70 1 5755. 82 2h 
6074. 6S 7d 5956. 39 3 5834. 96 Se 5754. 91 lh 
6073. SI i 5955. 33 3 5833. 58 lh 5753. 72 Du 
6072. 92 3 5954. 48 2 5833. 05 3 5752. 46 l 
6070. 09 348m 5950. 82 7 831. 54 I 5751. 74 2 
6069. 84 ay 549. 37 l 5830. 23 | 5749. 75 | 
6060. 00 l 546. 49 Wx 5827. 84 S« 5748. OS lh 
6067. 52 | 5943. 29 1H 5825. 90 2 5747. 96 3 
6067. 00 10% 5941. 04 3 5825. 60 1 5747. 36 : 
6060. 96 Qh 5O4AL. 60 | 5823. 91 50 5747. 12 j 
HOBO. 45 l 5939. 62 2 823. 52 sh 5746. SO 2 
6055. 20 l 5937. 21 I 5822. 39 | 5746. 17 3h 
6054. 31 2 535. 90 } 5822. 03 l 5744. 29 l 
6053. 85 2 5934. 99 2h 5821. 72 I 9742. 39 l 
6053. 20 } 5934. 33 2h 5820. 83 2 5740. &1 5 
6052. 57 iy 5933. 09 2 5820. 03 l 5739. 74 2 
6050. 15 Ro 5930. 85 l SSIS. 31 I 5735. 58 l 
6047. 22 i 5928. 03 3e 5817. 92 l 5734. 75 2 
6043. 33 2h 5927. 72 te 5816. 04 2h 5733. 48 1 
6042. 07 2 5927. 17 25 SS15. 92 l 5731. 52 2 
6039. 71 lh 5925. 87 l 5813. 65 lh 5730. 79 2 
6038. 31 Dhe 5925. O8 | 5812. 82 2h 5729. 83 2h 
6030. OS 7 5923. 84 2c 5812. O1 2h 5726. 41 lh 
6028. 6Y lh 5922. 02 l 5S1O. 14 6 5725. 05 l 

| 6027. 86 3 5917. 39 6 5809. 85 3 5723. 41 1 
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fapie 2. Emission spectra of promethium—Con. TABLE 2 Emission spectra of promethium—Con. 


Intensity Intensity | ) Intensity Intensity 


5721 sed 5604. 3h | 54AYL. 65 5we 5300. 48 
5719. 3 5604. 3 5487. | 7 5389. 46 
5718. lh 5596. 5! 2hd | 5478. 36 5386. 09 
5714. 2 5506. l 5477. 7 5386. 79 
5713. Qhd 5595. 7 2he 5476. 4 : 5382. ¢ 


5712. 4: Ss 554. 2h 5474. 8! : 5380 
570%. 6: 2h 5591. 7 7 5474. 16 5380, ‘ 
5708. &: i 5584. 5473. 5374 
5704. % li] 5582. 6: 5473. 5371. 
570A. 3: l 5580 5472. 1- 5370 


5704 lh 5578. ’ 5471. 5369 
5702 5576. 5470 ? 5365. 
5699 5576. ; 54AGY. 4E 5361. 
5697 5573. ¢ 7 5468. 7! 5364 
5693. 23 5572 5468 5362 


HOV 5571 } 5467 5358 
56U1 5569. 72 5466. < 5357. 
5687. ¢ 5569. 5464. I 5354 
5686. . 5566 5463. 5352. 2 
5685 ‘ 5565. : 5462 5351 


5684 5563. 5457. 4! : 5351 
SOSL. ¢ > 5561. 7 y 5456 HBAS. % 
5679. 8! 5560. 1 5456 5347 
5676. 2: 55SDS. 3! 5455. 5 5346 
567A. ° 5d! 5453 54 5344 


5673. 2: , 5556 7 5451. 52 < 5344 
5672. : 5555. 2 5450 : 5342 
5671 7 bs, 7 | 5450. 45 5341 
5670. 5 55AS 7 5AAT , 5330 
5HGO. 4! 5546 < 5445. 7! 5335. 5! 
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Mi 


5OGS. 7: < 5546 : 5442 5334 
5667. 7! 5543. 7 ‘ 5441 5334. 
5664. 55: if 5440 ¢ 5333 
5662. 36 a d 5437. 3! 5331. 
5660. 16 : 5539 5436. 4 r 5330 


5659 2 5537. 3! 5434. 5 : 5327 
5657. 5! 5534. { 5431 5320. § 
5H5S. &: 553 1. f 5429. § 531. 3 
5655. 2 5531. 3e d 5428. 2 5318. 5! 
5654 : 5530. : 5425 5314. % 


- 
Q 
> 
d 
x 
< 
> 
2 
2 


5651 5528. 5! 5424 5311 
5OAY. 7: j 5528. 5424. 5 : 5310 
5649 5527. ¢ 5422. 3: 5308. | 
5OAS. ¢ 5524. § 5421 5305. 25 
5H44. 45 5524. 1: 5420. 3: 5302 


5642. Sz 5521. 6 ‘ 5419 RK 5200 
5641. 23 5520. 8 5416. 5 ; 5206 
5639. 46 5518. 2% K 5415. ¢ - 5205 
5638. 32 § 55K. 5414. 5! 5204 
5636 5515. 75 S 5413 5293. 


5635. 36 5514. 75 < 5411 r 5291 

5634. 45 5513. 30 j SAO. 4 ; 5200. 749 
5634. 2! 5510. 21 | 5408 , 5280. 11 
5632. 5508. 53 5407 7 5287. 00 
5630. 7: 5508. 26 7 5406. 5 : 5281. 40 


5616. 7 : 5500. 84 5402. ! 5280. 42 
5610. ¢ 5500. 49 : 5401. 527%. 5l 
5606. 5 5498. 86 5398. 98 5277. 26 
5605. 8 7 5496. 21 5397 5276. 45 
5605 3 5495. 44 : 1 5394 j 5274. 93 
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Intensity Intensity } Intensity ) Intensity 


5119. 1918. l 4728. 
HL. $917. < l 1728. 
5116 Qw 4915. 2: 2 4726. 
5111. 56 | 4913. 18 5d 4724. % 
5107 : 1904. : 4720. 


1718. 
1716. 
1714. 
1710. 7 
1707. 


5100. 7: f | 4903. 07 
5097 : 1902. 
5OO6 4901. 25 
5OO4 ) 4900. 2! 
5092. 3: 1802. ! 


VNN==— 


1703. 
1703. : 
4702. 5: 
1697. 
1696. 


5OSY. 3% } ISO. 
5OSS. 7! 1887. 
SOS I. : 1882. 
5OSO. 5 § 1872. 
5074 , 1870 


NN — bo 


1695. 7 
14. 
1604. 2 
16492. | 
1691 


5072. 12 1860. 80 
5067. 3: i868. 33 
5060. 68 1866. 23 
5OSS. 2¢ : 1865. 72 
5O57. ! 1865. 32 


oe = — 


1690. 
1682 
1682. 2 
1678. 
1677 


5O54 1860. 73 
5203. 76 5050 1858. 89 
5203. 2 5045. 2! ) 1852. 72 
5196 5044.8 : 1847. 76 
5104 : 5044 5-4 1846. 


-onwe— 


1675. 
1675. 
1671. 2 
1666, 8! 
1665. 


5192 5039. 5! $840 
SISO. § 5035. : 1837. 
5ISS8 : 5030 : 1831 
5IS7. 5 5028. 7: $829. 
5185. 42 5026. S20 


vino Sr 


~ 


1663. 
1663. 
161. 
1660. 7 
1658. ¢ 


5ISS 5021 K 1827 
5180 5016 1824 
5173 5OLS : 1813. 
5I7TL. 5 : 5OLO. 3: ISL 1. 
5170 5007. : S10. 2 


wuny— 
Newt 
> 


5169 : 5OOS. S00. ! : 1656. 8: 
5165. 65 , 1909, 801. 3: 1656. 
5165 3 She 19908, 2: : 41709. 7 1653. ; 
5164. 6: : 1907 : 1798. § ' 1653. 2: 
5162 : 1903 1798. > 1651. § 


wSmwwN— 


5IGL. I 1900. : : 1780. ! 1649. ! 
‘ 1087. 18 1780. 26 1647. 

1984 : 1781. 2! ; 1645. 

1982. ¢ 1779. 36 1643 


vee ee 


1643. 3: 


-~ 


1979. 5k , 1773 


~ 


1641. 
1640. 
1638. ; 
1637. 
1635. 


1975. 36 ' 4769. § 
1074. 1764. 
1974. * , 4762. ! 
1972 

1971 


et 


—AN— to 


1633. 
1632. 
1632. 
1630. 
1628. 


1959. 
1956. 8 
1954. 
1950. & 
1946, 


—— ho bo 
“Im = toto 


1045 : ( 1627. 
1943. 23 Ss 738. 2: l 1625. 
1939 1625. 
1037. : 4624. 
1932. 1623. 


~ 
— 


-—oe 
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-«* 


Intensity ) Intensity Intensity Intensity 


1623. lh 511. f 2 1396 26 lh 1310 
1621. ! 509. : LC 1391. 62 l 1306. 
1620. ¢ 1389. } 1305 
1619. 1389. 2! 2 1303. 
1618. 6 1388 20 1303. ! 


1617. ‘ ¢ 1388. 5 2 1300 
1615. 8! 92. 2: 1387 5 1300. 32 
1611. 96 ‘ 1381.8 1208. 
1600. S- 89. 56 1381 ; t 1205 
1607. 7 1374. § , 1205 


1204 


1605. 7 
1203. 3! 


1602. 

1601 1201 
1601 5. ’ 1288 
1600. : a1 369 {287 


! 
3 
2 
2 


1508. oO: db. 1360 $287. 56 
1597. ; 3. 2 ¢ 1367. 2: ‘ 1284.5 
1501 1365 } 1281 
1500. 2: k 1365 1270 
1580. 4: is. 1364. 5 1278 


1580. 1: i 1363 
1586. 2' ‘ 4. 5: : 1362 
1585. 

1583. ¢ 

15740 


a | 


to to tS to to 
— aE 


sJIsJ se) °) >) 


1270 
1265. 32 
1204. 5 
1204. : 
1263. 3: 
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JJ sj) s)] >) 
Nw woe 


Mi 


1200. 2: 
1250 
1254 
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12: 


-~— ie & 
to to ho bo bo 
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TABLE 2. Emission spectra of promethium—Con. TABLE 2. Emission spectra of promethium—Con. 


- 
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A Intensity A Intensity x Intensity nN Intensity 
| 
1207. 63 l 4129. 33 4 1058. 28 I 4000. 83 l 
$207. 21 10 $128. 26 l 4058. 07 6 4000. 39 l 
1206. 37 2 $127. 83 I 4057. 07 2 3998. 96 100 
1205. 39 1 $125. 46 I 4056. 64 3d 3997. 83 3 
1204. 10 5 $124. 89 2 4056. 46 2 3996. 71 3 
4201. 56 3 1124. 63 l 4055. 20 60/ 3995. 05 30+N 
1194. 70 20 $123. 97 15+Sm 1053.63 | 1 3992. 99 5 
$192. 92 30 $122. 45 5 4052. 93 1 3987. 90 10 
1190. 63 3 $119. 97 2 4052. 00 I 3987. 41 1+Sm 
4189. 49 I 1119. 36 2 1051. 50 30 3987. 10 l 
1188. 96 2 1119. 16 I 4049. 36 7 3986. 09 2h 
1186. 03 2 1116. 16 2h 4048. 55 3 3985. 73 3 
$185. 74 20 H114. 34 I 1048. 22 2 3983. 71 1 
1180. 06 I $112. 19 l 4046. 49 Qh 3983. 10 10 
4179. 66 5 t111. 32 3 4045. 37 20 3982. SI 3 
1179. 31 I 1109. 62 2 1044. 75 } 3982. 23 3 
1178. 93 2 1108. 73 2 4044. 49 I 3980. 73 0/ 
1177. 99 l 1108. 27 I 4042. 89 3+Sm 3980. 41 2 
$177. 47 1 1104. 83 6 1042. 00 2 3979. 38 2 
$174. 74 3 4101. 76 2 4040. 74 lid 3978. 12 3 
1174. 06 I 1100. 55 1 4040. 07 4 3976. 98 3 
$172. 79 7 $100. 03 5 4039. 47 l 3975. 65 4 
4171. 46 6 4098. 87 th 4038. 04 I 3974. 95 2 
4169. 18 I 4096. 72 2h 4038. 69 l 3974. 38 l 
1168. 33 I 4096. 40 2 1038. 17 3 3973. 49 5 
4167. 69 1 1096. 19 5 1036. 48 5 3973. 18 3 
1162. 61 l 1095. 72 2d 4035. 93 2 3972. 63 l 
4162. 03 6 1095. 33 3 4034. 26 l 3972. 13 6 
4161. 50 15 4095. 11 3 4032. 45 7 3969. 61 2 
4161. 21 10 1094. 76 2 4029. 98 1 3965. 64 2 
| 

1159. 99 } 1092. 25 3+Sm 4029. 46 I 3964. 59 I 
$158. 57 2 4090. 79 5 4028. 84 5h 3963. 82 l 
4158. 20 2 4090. 37 3 4028. 20 25 3961. 98 1 
$157. 45 l 4088. 95 3 4027. 79 2h 3961. 07 2h 
1156. 90 I 1086. 10 50w 4026. 98 2 3959. 96 6 
1156. 07 5 1085. 10 3h 1026. 60 1 3959. 74 7 
1155. 67 1 1083. 07 6 4026. 00 10 3957. 74 100 
4154. 06 3 4082. 49 10 4023. 70 15 3957. 18 th 
1151. 60 10 1081. 74 10d 4023. 28 5 3955. 88 I 
1151. 40 8 1079. 91 2 4022. 90 8 3954. 61 3 
1151. 04 3 1079. 56 3 4021. 75 I 3954. 29 8 
4150. 74 3 1078. 84 2 4021. 34 5l 3953. 97 l 
$149. 45 2 1078. 30 ! 4019. 34 20 3952. 91 2 
1147. 43 l 1075. 85 60 1018. 68 3 3952. 13 6 
1146. 54 3/ 1075. 06 2 1016. 78 l 3950. 65 lh 
1143. 85 I 1073. 60 I 1016. 33 2 3949. 69 10 
4142. 87 10 1070. 48 l 4015. 54 3 3948. 50 2 
4142. 33 2 4069. 90 10 1015. O8 l 3947. 79 1+Sm 
$140. 46 25d 1069. O8 5 1014. 81 l 3947. 22 15 
$140. 08 3 1067. 92 3 1014. 20 25 3946. 85 10 
1139. 72 15 1066. 45 5 4012. 71 20 3945. 53 I 
1137. 98 I 1065. 90 3 4010. 55 2 3944. 23 30h 
1137. 26 2 1065. 65 15 4009. 97 50 3943. 95 3+ Al 
1136. 48 1 1065. 36 2 1006. 48 3 3941. 35 2d 
1136. 16 3 1064. 79 2 4006, 31 2 3940. 60 10 
4135. 11 9 1063. 27 I 1005. 94 4 3940. 13 8 
1133. 66 3 1060. 66 2 4004. 96 I 3939. 23 I 
4131. 87 lh 1060. 32 2 | 1004. 22 2 3938. 35 2+Cr 
$131. 15 lh 1059. 72 4 4003. 64 3 3936. 47 80/ 
$129. 53 2 1058. 61 3 4002. 86 1 3935. 46 2 
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3931. 
3931. 
3929. 


3928. ! 


3927. 


3927. 
3926. 
3925. 
3925. 
3924. 


3924. 
3923. 
3922. 
3921. 
3921. 


3919. 
3918 
3917. 


3915. § 


3915. 


3913. 


3913. - 


3911. 
3911. 
3910. 


3910. 2 
3909. : 


3907 


3907. 2 


96 
55 
50 


8S 


26 
99 


44 
81 
33 
80 
39 


09 
45 


69 


3906. 35 


3904. 
3901. 
3901. 
3900. 


3900. ! 


3899. 
3899. 
3897. 
3897. 


3806. ¢ 


3895. 
3804 
3804. 
3892. 
3891 


3889. 7 
3887. | 


3887. 35 


3886. 


3885. 


3885. 
3884. 
3884. 
3883. 
3882. 


3881. ¢ 


3880. 


3879. ! 


3878. 
3877. 
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Intensity 


3 
10 
lh 
9 


tot 


18d+Sm 


3877. 24 
3876. 48 
3876. 15 
3875. 50 
3875. 34 


3874. 76 
3872. 69 
3871. 84 
3870. 79 
3869. 83 


3869. 62 
3868. 55 
3867. 94 
3866. 79 
3866. 33 


3864. 24 
3863. 62 
3863. 16 
3862. 72 
3861. 15 


3860. 88 
3860. 20 
3857. 98 
3856. 90 
3856. 41 


3854. 62 
3853. 90 
3852. 15 
3850. 84 
3850. 57 


3850. OS 
3849. 46 
3848. 74 
3847. 29 
3846. 30 


3845. 36 
3845. 00 
3844. 33 
3842. 93 
3842. 35 


3842. 22 
3841. 58 
3841. 40 
3841. 21 
3840. 52 


3830. 79 
3835. 76 
3835. 22 
3831. 53 
3830. 73 


3830. 46 
3829. OS 
3828. 34 
3827. 41 
3825. 00 


3824. 83 
3823. 52 
3823. 00 
3822. 68 
3821. 44 


Intensity 


+ Sm 


PMwnwtryw 


5d+Sm 


-~nN—z 


95 


TABLE 2. 


3820. 51 
3820. 07 
3819. 62 
3819. 26 
3818. 26 


3817. 74 
3817. 31 
3816. 36 
3815. 82 
3815. 33 


3813. 73 
3812. 70 
3812. 36 
3811. 99 
3811. 54 


3811. 33 
3810. 74 
3810. 27 
3810. 05 
3809. 04 


3808. 42 
3806. 92 
3806. 55 
3806. 06 
3805. 78 


3805. 17 
3803. 61 
3802. 99 
3802. 48 
3802. 28 


3802. O8 
3801. 75 
3801. 31 
3800. 68 
3800. 30 


3799. 49 
3798. 39 
3708. 17 
3797. 66 
3795. 66 


3794. 54 
3793. 60 
3792. 73 
3791. 20 
3789. 53 


3788. 46 
3787. 60 
3787. 33 
3786. 07 
3785. 29 


3785. 03 
3784. 71 
3784. 20 
3783. 82 
3782. 99 


3782. 39 
3781. 98 
3781. 57 
3781. 38 
3780. 40 
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10h 
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10 
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3778. 


Ce deded 


3777. 


3777. 


3776 


3776 
3775. 
3775. 
3774. 5 
3774. 


3773. 
3772. 
3772. - 
3771. 
3770. 


376%. 
3768. 
3768. ! 
3768. 1 
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BS oo Gren 


02 
65 
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05 


3767. 49 


3765. 
3764. 
3764 
3764. 
3763. 
3762. 
3761. 5 
3759. 5 


3758 


3758. ¢ 
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3757. 
3756. 
3755. 
3754. 
375A. - 


3753. 7 
3753. ‘ 
3752. 

3751. 5 
3750. 


3750. 
3748. ! 


3747 


3747. 


3745 


03 
92 
62 
10 
46 


32 


3744. 36 


3743. § 
3743. - 
3742. 5 


3741. § 


3741 


3740. 
3739. 
3739. - 
3735. 5 


3734. ¢ 
3733. 
3733. 
3732. 
3732. : 
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TaBLe 2 Emission spectra of promethium—Con. TABLE 2. Emission spectra of promethium—Con. 


Intensity Intensity ) Intensity Intensity 


5h 3673. OS 3619. 19 
2 3670. 02 3619. 02 
10d 3669. 86 j 3618. 13 
H 3669 3617. 95 
2 3668. 3617. 52 


$e G2 2 Go Go 
eS ES ESE 
-NN&S 


Vor ororor 


lh 3667. : 3615. 58 
3667 < 3613. 86 
3666. 26 3613. 29 
3665. | ¢ 3612. 15 
3664. q 3611. 80 


3664. 5 3611. 21 
3662. 5! q 3610. 74 
P4 3661. OS 4 3610. 21 
10+ Sm 3660. 7 ‘ 3608. 59 
l 3660. 5 < 3608. 0! < 3565. 65 


20 3660. 0: 3607. 7 ; 3565. 3: 
2 365Y. 3f ‘ 3607. : 3562. Of 
I 3658. 6: : 3606. 7: 

3658 3606. 

3658 i 3605. 86 


3657. 5S { 3604. { 
3657. 08 y 3602. 
3655. 8 : 3602. 3: 
3654. 87 y 3601. 4 
3653. 7! y 3600. 56 


3652. 1: 8 3600. 

3651. 76 , 3598. 79 
3651. 2: 3598. 58 
3650. 5 3598. 34 
3649. 98 3598. 26 


NNN — 


3648. 7: ; 3597. 87 

3648. 3: ; 3596. 20 

3647. 7: , 3595. 50 

é : 3647. 2: 3595. 11 
B6H05. 7 3646. 2% q 3594. 20 


2 
l 
l 
5 
3 


3694. 78 S644. OF , 3592. 93 
3693 3643. 8 y 3592. 32 
3692. 5s K 3643. 58 3591. 94 
3691. 7 3642. 5 3591. 65 
3691 5 3642. 26 3591. 


ww — hos 


3689. 7) 3641. 65 +S 3589. 98 
368U. 7 3641. 2% 3589. 56 
3688. 76 3640. ‘ 3589. ¢ 
3687. 65 , 3637. : 3588. 
3687. 26 3636. 96 : 3587. ! 


N—Na— 


3686 s 3636. 48 3587. 65 
3685. 6: : 3634. 26 3045 3587. 
3685 : 3632. 25 3586. 
3684. 4 3630. 86 : 3585. 7 
3683. 6 j 3629. 85 3583. ¢ 


> 


~ 


3681. 72 +58 3628. 5: : 3583. 
3680. Sf 3628. 02 3582. 
3680 3626. 2! ¢ S581. 5 
3670. 5S : 3625. 8 3580. 
3679. : 3625. ¢ 3578. 36 


3678. 6: ; 3622. { 357 
3678. 48 3622. 28 : 3577. 
3675. 86 ¢ 3621. 75 3576. 
3675. 16 3620. § 3576. 
3673. 75 : 3620. 3575. § 
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A Intensity y Intensity Intensity A Intensity 

3521. 04 2h 3412. 30 1 3325. 30 3+S8m 3194. 64 2 

3519. 14 I 3411. 70 I 3321. 70 l 3192. 25 ' 

3518. 75 I 3408. 67 8+ Sm 3321. 21 15+Sm 3187. 20 8+Sm 

3517. 82 I 3408. 06 10 3319. 97 l 3186. 82 I 

3516. 59 1 3404. 29 l 3318. 85 2 3185. 18 6 

3514. 84 10 3404. 04 2 3318. 44 l 3183. 88 &S+S8m 

3512. 97 2d 3401. 32 2 3314. 85 I 3182. 54 6 

3511. 42 3 3400. 88 l 3314. 48 3 3174. 51 6 

3510. 88 3h 3400. 16 I 3313. 40 l 3172. 77 10 

3509. 78 I 3399. 81 3 3311. 76 6 3171. 47 I 

3509. 07 I 3398. 42 l 3310. 66 8+ Sm 3170. 58 l 

3508. 58 2h 3397. 65 2 3308. 46 l 3169. OS 6 

3508. 30 I 3396. 67 l 3307. 05 20+ Sm 3167. 59 I 

3505. 90 3 3396. 26 3d 3305. 39 4 3162. 89 3 

3502. 47 3h 3395. 85 2 3304. 53 l 3161. 48 l 

3501. 50 2h 3395. 15 3 3304. 08 I 3161. 10 3w 

3501. 06 Qhd 3394. 17 l 3300. 42 l 3158. 39 1 

3499. 42 2h 3393. 44 I 3209. 04 l 3157. 27 6 rm) 

3404. 06 l 3392. 56 2 32406. 69 l 3145. 51 l W 

3490. OS 2 3391. 28 10 3205. 65 l 3144. 54 th ec 

3487. 41 34+Sm 3390. 66 1 3294.98 2 3139. 34 3 bs 

3482. 65 } 3387. 34 l 3291. 21 l 3133. 47 2 

3482. 14 I 3386. 97 l 3289. 68 2 3131. 85 l Q 

3481. 97 8 3386. 76 I 3287. 84 3 3129. 53 | a 

3480. 62 20 3386. 14 2 3284. 41 I 3126. 55 3 

3478. 62 15+-Ca 3384. 68 6+S8m | 3278. 79 4 3122. 81 l 2 

3478. 13 3 3383. 15 I 3271. 96 1 3118. 76 10 3 

3471. 98 l 3381. 10 2 3271. 71 l 3117. 22 10 — 

3471. 84 I 3380. 23 1 3269. 59 | 3115. 36 10 Bs o 

3468. 62 1 3379. 67 I 3268. 79 | 3114. 36 | =) 

3467. 20 5h 3377. 68 9 3268. 66 2 3108. 11 15 = 

3462. 91 20 3377. 02 2 3266. 39 l 3104. 24 6 la 

3462. 25 2 3376. 56 2 3265. 69 2 3099. 46 1 5 

3460. 25 25 3374. 47 2h 3265. 24 l 3006, 21 2 

3456. 81 1 3374. 17 2h 3253. 00 2 3091. 86 15 ‘Se 
eed 

3454. 06 | 3371. 20 2 3252. 04 | 3090. 19 12 3 

3449. 81 10 3367. 06 2 3251. 49 l 3089. 61 2 ¥ 

3448. 57 l 3366. 05 5 3249. 98 I 3088. 37 } r 

3447. 52 l 3364. 44 8 3241. 43 I 3087. 83 3 5 

3446. 89 I 3363. 33 I 3240. 46 3 3086. 02 15 = 
> 

3442.80 2h 3363.02 2 3239.86 I 3085.08 4 ‘5 

3441. 97 l 3360. 21 8 3239. 62 6 3077. 70 l 

3441. 16 12 3359. 65 3 3238. 57 t 3077. 52 I 

3439. 02 2 3359. 29 l 3237. 29 I 3074. 25 tw 

3435. 85 3h 3359. 00 I 3236. 63 6+Sm 3072. 41 30 

3433. 21 I 3358. 14 10 3232. 79 I 3070. O8 l 

3432. 12 l 3355. 84 2 3219. 92 1 3067. 99 2 

3431. 64 2 3354. 46 l 3218. 61 5 3066. 34 5 

3431. 19 I 3352. 23 4 3211. 79 5 3064. 05 l 

3430. 88 3h 3350. 48 2 3211. 38 Qw 3061. 20 6 

3430. 34 I 3345. 99 3 3210. 37 2w 3060. 48 8 

3429. 49 l 3340. 88 1 3207. 89 1 3056. 06 l 

3428. 89 I 3339. 18 l 3205. 67 4 3054. 14 7 

3427. 40 50 3336. 80 I 3204. 51 3 3052. 01 I 

3426. 99 I 3333. 79 Bh 3203. 00 l 3050. 59 I 

3422. 24 2h 3331. 73 2 3202. 15 3 3050. 20 l 

3420. 12 I 3331. 22 l 3200. 79 I 3049. 68 l 

3419. 06 l 3330. 47 I 3200. O8 3 3049. 53 2 

3418. 71 5 3327. 64 1 3198. 77 | 3047. 99 8 

3417. 53 I 3327. 03 2 3197. 95 2 3047. 16 1 


97 


TaBLe 2. Emission spectra of promethium—Con. 


A Intensity A Intensity 


3046. 07 2 2843. 90 4u 
3042. 12 1 2841. 86 l5w 
3041. 88 2 2840. 82 10w 
3036. 94 1 2839. 05 2 
3035. 50 1 2830. 99 5h 
3033. 72 2 2829. 63 1 
3030. 79 1 2826. 63 1 
3029. 52 2 2825. 32 3 
3029. 34 2 2822. 15 Sh 
3027. 21 3 2820. 10 10h 
3026. 23 l 2811. 95 2h 
3025. 43 1 2808. 05 4 
3024. 66 1 2794. 02 3w 
3023. 54 3 2787. 72 bw 
3019. 58 3 2723. 17 1 
3018. 47 8 2671. 05 10 
3010. 31 1 2642. 38 l 
3008. 85 10 2641. 93 l 
3007. 85 2 2638. 46 7 
3004. 59 10 2632. 00 15 
2990. 24 1 2628. 87 2 
2982. 84 6 2610. 20 lh 
2079. 58 l 2608. 24 4 
2963. 10 3 2596. 04 3 
2959. 22 2 2589. 50 lh 
2952. 25 5 2581. 20 l 


2556. 18 | 
2502. 12 4w 
2471. 94 3h 
2460. 86 l 


2046. 73 3h 
2927. 33 2 
2919. 36 2 
2916. 38 2 


2900. 92 1 2453. 94 lh 
2898. 02 lw 2437. 90 2 
2889. 56 1 2437. 45 l 
2888. 02 l 242%. 66 1 
2886. SO l 2428. 30 2 


2428. 16 1 
2420. 96 l 
2419. 59 1 
2402. 39 2h 
2397. 44 l 


2885. OS 5 

2879. 07 2 

2871. 78 3 

2860. 97 12d+Cr 
2857. 46 20¢ 


2850. 80 5 2385. 82 l 
2848. 21 Rw 2379. 68 l 
2846. 96 2 2341. 17 lh 
2845. 82 le 2337. 28 l 
2844. 99 2¢ 


It is highly desirable that the are and spark spectra 
of promethium be reobserved in a greater range with 
a purer sample, with greater spectrographic disper- 
sion and resolving power, and with a guarantee that 
Pmi and Pmt lines can be sorted. 


recognize atomic erergy levels in these spectra will 
be futile. In the meanwhile, the data presented in 
table 2 may be regarded as a preliminary description 
of the spark spectrum of promethium providing 
positive proof, in addition to that previously obtained 
at the Oak Ridge National Laboratory [17, 20], that 
the long-sought element with atomic number 61 has 








been truly discovered [11]. Although Réntgen spec. 
tra were thrice reported as proof of earlier discovery 
[3, 4, 5] they were never supported by convincing 
evidence of optical spectra. Both the absorptio: 


/ and the emission spectral data here presented fo) 


| 3998.96 A. 


Until this is | ; 
accomplished, all attempts to find regularities and | (20) D. L. Timma, J. Optical Soc. Am. 38, 898 (1949). 


promethium not only identify this fission product as 
a new element, but also as one that possesses unmis. 
takable characteristics of a “rare-earth”. Th 
strongest emission lines, probably Pmu, have wave- 
lengths 3892.16, 3910.26, 3919.09, 3957.74, and 
These will be important for spectro- 
chemical identification and for testing whether o: 
not Pm can be detected in nature before fission prod- 
ucts become abundant and widespread. Hyperfine 
structure is suspected in some Pm lines, namely, 
5868.89, 5875.31, 5927.17, and 5946.49 A, indicating 
that the nuclei of {Pm atoms possess appreciable 
mechanical and magnetic moments.. This hyperfine 
structure will be investigated with interferometers at 
this Bureau. 


The authors acknowledge the generous cooperation 
of the United States Atomic Energy Commission in 
lending the sample of promethium with which the 
present investigation was prosecuted. 
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A Statistical Solution of a Problem Arising in the 
Sampling of Leather 


John Mandel and Charles W. Mann 


The evaluation of the relative merits of different tanning procedures requires that a 
number of hides or sides ' of each tannage be subjected to a variety of physical and chemical 
tests. The destructive nature of these tests makes it desirable to keep to a minimum the 
number of hides or sides required for test purposes. Moreover, the total number of test 
specimens for each property should be kept as small as practicable for reasons of economy 
in leather and labor. Because of the nature of a leather hide, a considerable saving can be 
realized through a judicious choice of the location on the side from which test specimens for 
any given property are cut. In this paper a criterion is developed for the eva! ation of the 
suitability of any given side location as a source of test specimens for a given property. It 
is shown that the coefficient of correlation between the test result on a given location and the 
average of the test results, on the same property, over the entire side, determines the suit- 
ability of this location as sampling location, both from the viewpoint of economy in the num- 
ber of hides or sides and in the number of specimens required. It is further shown that for 
any particular property, the number of sides required to detect a given difference between 
two tanning procedures is inversely proportional to the square of the coefficient of correlation 
corresponding to the block chosen as sampling location and directly proportional to the square 














of the coefficient of variation of side averages for the property considered. 


I. The Problem 


The evaluation of the relative merits of different 
tanning procedures requires that a number of sides 
of each tannage be subjected to a variety of physical 
and chemical tests. It is known, however, that the 
results of such tests vary appreciably from location 
to location on the same side, and also, of course, 
from side to side for the same relative location. 

Studies of this variability have been made by 
Beek [1] ? and by Beek and Hobbs [2]. Their studies, 
however, did not include an attempt to define, on 
the basis of the observed variability, an optimum 
sampling location on the side. Moreover, their work 
was limited to a single physical property, namely 
tensile strength. 

For any particular test, the problem naturally 
arises of finding the “best’’ location on the side for 
the selection of a test specimen, or, more generally, 
of evaluating every location on the side with regard 
to its suitability for that purpose. As the various 
physical and chemical tests reflect different properties 
of the leather, it is reasonable to treat this problem 
individually for each test. 

Information of this type is needed as a basis for 
sampling leather for research, for specification pur- 
poses, and for general testing. 

This paper is concerned with the theoretical 
aspects of the problem of sampling leather. More 
specifically, the following three parts will be dis- 
cussed: 

|. The planning of an experiment designed to 
furnish the data, for each of the tests considered, 
from which the desired information can be extracted. 
Such an experiment was performed at the National 
Bureau of Standards. 





A side is either one of the halves obtained by cutting a hide along the 


backbone line 
Figures in brackets indicate the literature references at the end of this paper 
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2. The development of a statistical criterion for 
the characterization of different positions on the 
side from the viewpoint of their suitability as test 
specimen locations. 

3. The determination of the number of sides 
required for the detection, with a prescribed degree 
of confidence, of variations in the hide properties 
arising from variations in the tanning procedure. 

While the discussion is mainly concerned with the 
leather problem described above, the statistical 
development may well apply to a variety of sampling 
problems in other fields. As this paper deals with 
principles only, no data will be presented. These 
will be found, together with the conclusions drawn 
from them, in a publication that has been submitted 
to the Journal of the American Leather Chemists 
Association. 


II. The Experimental Plan 


Thirty sides were tanned by the same chrome 
tanning procedure. Each side was then cut into 
21 blocks in a rectangular pattern of three rows, 
parallel to the backbone, and seven columns, per- 
pendicular to the backbone (see fig. 1). Each of the 
21 blocks was cut into a number of specimens, such 
that one or two test specimens of appropriate size 



































Locations of sampling blocks on leather side 


Ficure 1. 
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were available for each property. A total of 10 
tests was included in the project. Each specimen 
was subjected to the test for which it was intended. 
Thus the data represented the results of 10 tests, on 
each of 21 blocks of 30 sides. 


III. Criteria for the Ranking of Locations 


The data from each of the 10 tests were treated 
separately, inasmuch as a location may be “good” 
for one test and “poor” for another. Thus the fol- 
lowing discussion applies to each test individually. 
The first object consists in defining a good location. 
One might think that the best location is the one 
for which the result varies least from side to side. 
However, a criterion based on such a consideration 
disregards an essential desideratum, namely that 
the characteristic, when measured on the selected 
location, bear some relationship to the relevant 
value of this characteristic for the entire side. If, 
in practice, all 21 locations, that is, the entire side, 
could be tested, it would be reasonable to character- 


ize the side by the average of the 21 results thus | 


obtained. Such an average will be denoted in this 
paper by A and referred to as a “side average’. 


Then, the average of a set of h-values, corresponding | 
to a random sample of sides from the lot, is a reason- | 


able measure for the value, characterizing the lot, 
for the test under consideration. 

On the other hand, if it is impractical to carry out 
the test on all 21 positions, so that a single position 
must be selected, it seems logical to choose the 


particular position that best represents the average | 


of the side from which it is taken. Let us denote 
the result of the test on a particular position P as 
p. Then, according to this principle, for a good 


position P, p must represent / in the best possible | 


way. 

Consequently the first task is to determine, on 
the basis of the experimental results, what type of 
relationship exists between p and h, for each of the 
21 positions. 
data obtained in the experiment described in the 
preceding section, and it revealed the existence of 
two types of cases. For some positions, a plot of p 
versus h, for the 30 sides, shows a mere scattering of 
points without any discernible pattern or trend. 
For other positions, however, a definite linear trend 
is apparent. 

Figure 2 shows a typical example taken from the 
stitch-tear data for each of these two cases. 


Such a study was made, using the | 


rT 
The | 


lower plot represents location 22 and shows a mere 


random scattering of points, while the upper plot, 
representing location 14, clearly suggests the exist- 
ence of an approximate straight-line relationship. 

It is evident that locations belonging to the first 


category are undesirable for sampling purposes, as | 


the position value does not represent in any way the 
quality of the side for the test under consideration. 


Attention will therefore be focused on the locations | 


belonging to the second category. 


* Which value is relevant (e. g. average, largest, smallest) depends primarily 
on the use of the side in which one is interested 


of all 21 lecations 





In view of the general nature | 
of our problem the relevant value was taken to be the average of the test results | 


It appears intuitively plausible to select for sampl- 
ing purposes the position of this category for which 
the scatter of the experimental points on the p versus 
h graph is smallest. This, however, is not a sufficient 
criterion for an adequate sampling position; indeed, 
in order to detect relatively small differences between 
side values, the corresponding differences between 
the values for the selected sampling location should 
be relatively large; that is, the p versus A straight 
line should be steep. 
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SIDE AVERAGE 


Observed relationship between block average and 
side average. 


Figure 2. 


Upper graph, good sampling position: relationship is distinctly linear; lower 
graph, poor sampling position: no definite relationship exists 


Summarizing, it can be stated that a desirable 
sampling location P should fulfill the conditions 
(1) the slope of the p versus / line should be rela- 
tively large, and (2) the seatter of the experimental 
points (h, p) about this line should be small. 


IV. Statistical Analysis 


In comparing the merits of the various possible 
sampling locations, the question arises as to how the 
two criteria formulated in the preceding section 
should be weighted. For example, the choice be- 
tween two locations P and P’ will appear difficult 
if P has the higher slope, while P’ has the smaller 
scattering around the p versus / line. It will now 
be shown that for each physical or chemical test, a 


| single index can be defined for each location that 


100 





and 





envirely determines its suitability for sampling pur- 
poses. To this end the following definition will be 
a ypted. 

\ sampling location is said to be better than 
another if it requires a smaller number of sample 
sides, for an equal certainty in the final results. 

Besides this definition the derivation requires the 
assumption that the relationship between p and h 
is linear. 

In figure 3, the (p, hk) plot is shown for a par- 
ticular position P. Let p be the value observed, 
in position P, on a side for which the average value 
of the characteristic under consideration is hy. Among 
all the sides for which the value A happens to be the 
same (ho), the values p, in position P, will neverthe- 
less vary, because of biological differences, tanning 
effects, and test errors. Geometrically, this will 
result in the fact that p will, in generat, not lie ex- 
actly on the line, but rather at a variable distance 
‘from it. Likewise, the average hy of any particular 
side will, in general, not be identical with the lot 
average MM. Let us denote by d, the difference be- 
tween Ao and M; that is, d=h)—M. The relation 
between the observed position value p, and the lot 
average M/ for which it is the experimental estimate, 
can be found by noting that the straight line has 
the equation 


Po b T mh 


where 6 Is the intercept, m the slope, and po the 
“theoretical’’ value of p corresponding to the value 
hk, that is the value corresponding to the point on 
the line. 

Now, since p= po? e, we have 


p=b+ mhy* « 
and since Ay=A\/+d, we obtain the desired relation 


Pp bm (V+ d) T € 
p=b>+ mM->+ (md~+ e) 


| 
! 
+ 
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Theoretical relationship between block ave rage, 


side average, and lot average. 


In this expression, the quantity (md+ e) represents 
the total random fluctuation, analagous to the 
“error” in the theory of errors. Indeed, if this 
quantity were known, the value .V/ could be derived 
from p on the basis of the two parameters 6 and m. 
The order of magnitude of this random part is char- 
acterized by its standard deviation, which, in accord- 
ance with the laws of propagation of errors [3] is 
given by the relation 


o = ym*(o,)*+(e,)’, 


where o, and o, are the standard deviations associated 
with the random fluctuations d and ¢, respectively 

Suppose now that N sides are taken from a lot, 
and that the test is carried out in position P of each 
of these N sides. Then the average of these N test 
results, which we will denote by ),, has a standard 
deviation equal to ¢/,.N, that is 


m*(a4)*+(e,)* 


Co; \ N 


If, for the purpose of comparing tanning proce- 
dures, a sample of .N sides is also taken from a second 
lot, of different tannage, and the test carried out in 
the same position ? on each of these sides, an average 
P2 will be obtained, with a standard deviation: 


m*(o4)*+(¢,)* 


O» \ N 


It is seen that o,=0, provided that the slope m, 
corresponding to position P, is the same for the two 
lots and that the fluctuations d and e in the second 


| lot have the same statistical distributions as the 


corresponding fluctuations in the first lot. Although 
there is no conclusive evidence for the validity of 
these assumptions, it seems reasonable to accept 
them on a tentative basis. It is readily seen that 
the general principle of the proposed statistical pro- 
cedure is not dependent on these assumptions, and 
that situations in which these simplifications do not 
apply will require only slight modifications in the 
formulae. 

The difference },— Pp, constitutes the experimental 
evidence for any effect of tannage on the test con- 
sidered. According to the laws of propagation ef 
errors [3], the standard deviation for this difference 
is given by 

)*] 


5) 
OF, 32 Voit o3 \ Ny [m*(o4)*+(¢,)*]. 


This relation shows that for any observed differ- 
ence between two lots, the precision of this difference 
increases (the standard deviation decreases) as the 
number of sides, NV, taken from each lot, increases. 
From our definition of a “better” sampling location it 
then follows that the most suitable position is that 
one for which the quantity ~,— 7, is known with the 
greatest relative precision, that is the position for 
which the ratio of the standard deviation of 7}, — Pp, 
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to its expected value, for any given N, is smallest. 
The problem thus becomes that of finding the posi- 
tion P for which the ratio 

%,-Z 


Expected value of (p,;— Py) 


is a minimum. 

The numerator of this expression is given by eq 2. 
In order to calculate the denominator, let us denote 
the lot averages of the two lots by .V/, and M,, respec- 
tively. Then, in accordance with eq 1, the expected 
value of D,— Pp». is equal to (6+mM,)—(6+mM,) = 
m(M,—M,)* Accordingly, the ratio that must be 
made a minimum is equal to 


Tp \~P2 


Expected value of (p,—P.) 


| Pee 
V Vv [m*(o4)* +(o,)" 


m(M,—-M.,) 


| 


VN [a7 
M.—M.N +(2*) 


(3) 


Now, for a given number of sides N, the only 
quantity of this expression that depends on the 
position P is (¢,/m)*, as VM, and M, are lot values and, 
oq represents the variability of side averages. The 
minimum of the expression corresponds to a mini- 
mum of the quantity o,/m. 

It is clear now that the single index ¢,/m is the 
criterion according to which positions must be classi- 
fied in terms of their suitability as sampling locations. 


Remembering that ¢, is a measure of the scatter of | 


the (p, h) points about the straight line, and that m 
represents the slope of that line, it is seen that the 
statistical analysis confirms the adequacy of the two 
criteria formulated in the preceding section, and at 
the same time provides the manner in which they 
are to be combined for the selection of the best 
sampling location. 

It can also be observed in the expression just 
given that the larger the index o,/m, the larger will 
have to be the number of sides N to obtain the same 
relative precision. Thus, the index o,/m actually 
determines the amount of testing required in order to 
detect tanning effects with a given degree of con- 
fidence. 


V. The Coefficient of Correlation as a 
Criterion 


It is interesting to note that the index, o@,/m, 
which must be chosen as small as possible, is closely 
related to the coefficient of correlation p between 
p and h. 

For a chosen sampling location P, every pair of p 
and A values can be considered as a random selection 


* Indeed, the term (md+e) occurring in eq 1, being a random fluctuation, has 
an expected value equal to zero 





from a population of such pairs, since it correspon. s 
to a side selected at random from a population | { 
sides. If it is assumed that this two-varia! » 
population is of the Gaussian type, then the «.- 
efficient of correlation p between p and h can | 
expressed by the relation ({4]) 


where m has the same meaning as above. The 
standard deviation o, refers to the variability of side 
averages in the lot, that is, o,=04, as defined above 
The standard deviation ¢,, on the other hand, refers 
to the total variability of the p values, that is, 


o,=  ym*(o4)?+(c,)* as shown earlier. Thus, 
Ca Oa 


/ 
¥ (oa? +( 


p=m 
o.\" 


m 


y m*(a4)? +(e, 


This relation shows that to a small value of o,/m 
corresponds a large value of p. The best sampling 
location, according to our criterion, is therefore that 
for which 9 is largest. 


VI. Ranking of Sampling Locations 


If, for every physical and chemical test, the coeffi- 
cient p were known for every location on the side, 
there would be a simple solution to the problem of 
the selection of the most suitable sampling location 
for each such test. An experiment such as the ore 
described in this paper, based on the testing of 30 
sides, permits the calculation of a correlation coeffi- 
cient for each test and each position. However, the 
coefficient thus computed, which we will denote by 
r, is only an estimate for the “true” coefficient p, and 
this estimate will vary from experiment to experi- 
ment, because of the chance fluctuations of the pA 
points and therefore of the exact location of the 
pA line and of the average scatter about this line. 
Consequently, in comparing positions on the basis 
of these observed coefficients of correlation, account 
must be taken of the sampling fluctuations of these 
estimates, when based on such a limited number of 
points as 39. This can be done most effectively by 
grouping the correlation coefficients, for any given 
property, into a number of groups, such that within 
each group the differences would not be considered 
statistically significant, while the differences between 
successive group averages are significant. One o! 
the difficulties arising in this problem lies in the 
fact that the precision of an estimated coefficient o! 
correlation depends not only on the sample size 
(number of points) but also on the value of the corre- 
sponding true coefficient. For large values of p, the 


' The randomness in the selection of sides from the lot is essential for the ap; 
cability of the method presented in this paper. As has been pointed out 
Berkson [5], a coefficient of correlation calculated on a systematically sele« 
sample will depend on the range of values encompassed by the sample, » 
increase with this range. A coefficient of correlation thus obtained is devoi 
any sensible interpretation as a measure of the real degree of interdependence: 
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cision of r is considerably larger than for small 
luesofp. This difficulty can be overcome to a large 
«tent by transforming each r-value into a 2z-value 
), means of the transformation ([4]) 


] 1+r 
5 log. — 


It is known that for any value p the sample 
estimates r, when transformed into z-values, have 
an approximately Gaussian frequency distribution, 
the mean of which corresponds to the transformed 
p-value and the standard deviation of which is equal 
to 1/y N—3, where N is the size of the sample from 
which r was computed. Since a positive r-value ° 
can lie anywhere between 0 and 1, the corresponding 
>-value can lie anywhere between 0 and. Thus, 
for any value of p, it is theoretically possible to 
obtain a sample estimate r such that the corre- 
sponding 2-value will be exceedingly large. However, 
even for relatively large values of p, the sample 
estimate r will rarely exceed 0.99, and therefore the 
corresponding 2-value will rarely exceed 1/2 log, 
1+ 0.99)/(1—0.99) =2.65. Consequently, from a 
practical viewpoint, this value can be considered 
as an upper limit for 2. 

On the other hand, the standard deviation of 

regardless of the value of p, is always equal to 
1/y. N—3, which for the case of 30 sides, becomes 
o=1/y¥30—3=0.19. 

Consider now, in the range extending from 0 to 
2.65, a sequence of 2-intervals, S,, S,, S:, . . . the 
midpoints of which are spaced 20.675 standard 
deviations, that is, 20.6750.19 units apart. 
Then, in accordance with the properties of the 
Gaussian distribution assumed to hold for the 2z’s, 
the probability is 50 percent that a 2-value corre- 
sponding to a population centered in the midpoint 
of S;, will actually fall in the interval S,. The 
probability that such a value will fall in S,_, or 
in Sig, iS, in each case, approximately 23 percent. 
Thus the probability for such a value to fall in its 
correct group, or, at worst, ir one of the two adjacent 
groups, is 96 percent. As these probabilities also 
apply to the corresponding r-values, the 2-intervals 
thus defined can be made the basis of a grouping 
procedure of correlation coefficients computed on 
30 points. To this end it is merely necessary to 
apply the inverse transformation r= (e™ —1)/(e*+ 1) 
to the end-points of the S-intervals. The values 
thus obtained will be the endpoints of the groups 
lor the r-values. For the unique determination of 
the S,-intervals, the upper limit of S, was chosen 
to be e=2.65—0.605¢ or 2.65—0.13=2.52. In this 
Way, an extra interval S, is formed extending from 
2.52 to 2.65. The probability for a point belong- 
ing to the population S,, to fall in S, is 23 percent, 
and this includes values of the correlation coefficient 

» to 0.99. 

\t is unlikely that for any position on the side, the correlation p between 

tion value and side average, for any given property, be negative. However, 

mall positive values of p, the sample estimate r will occasionally be negative, 


to chance fluctuation When this occurs, the value of p is best taken equal 


ro 





| 





| 


The grouping procedure just described is not an 
ideal solution for the problem outlined at the begin- 
ning of this section. In fact, the statistical literature 
does not seem to contain a satisfactory practical 
method for a grouping problem of this nature, and 
it should be noted that any grouping procedure will 
result in a certain amount of misclassification. The 
proposed method must be considered as a practical 
working rule that has some theoretical plausibility. 

Table 1 shows the groups into which the r-values 
were classified, on the basis of the corresponding 
S-intervals for z. It is noted that the intervals Sj, 
S,, S., and S; were combined to give a single r-group, 
denoted group zero. This was done because no 
experimental r-value exceeding 0.94 was found. 
Furthermore, the lower limit in group 6 has been 
raised from 0.42 to 0.46, the latter being the 1-percent 
significance level. It is considered that a value of 
r that fails to be significantly different from p=0 at 
the 1-percent level corresponds to a very poor 
sampling location. 


Tasie 1. Ranking of sampling location according to r 


Range of r 
2-interval r-group 


Lower limit Upper limit 


0. GSS 0. 990 
v9 YS7 
| 65 97s 

v4 wd 
v1 oo 
SS w 
75 s4 
61 74 
46 rh) 
Negative * 45 


See footnote 6. 


Determination of Sample Size 


When two lots are compared, with respect to a 
physical or chemical characteristic, on the basis of a 
limited number of measurements on each, the con- 
clusions can be affected by two types of error. The 
effect of chance fluctuations could produce an ap- 
parently large difference between the two observed 
averages, while the real difference between the lots 
is actually inconsequential. On the other hand, a 
real difference of practical significance could escape 
notice if, by the interplay of chance effects, the 
observed values were sufficiently alike so that one 
lot would not be considered different from the other. 
The statistical method of selecting a sample size 
in this case, the number of sides N to be tested from 
each lot—consists in taking predetermined risks with 
respect to both types of error. (It is obviously 
impossible to eliminate either type entirely.)’ 

It was shown (eq 3) that the ratio of the standard 
deviation of },—P, to its expected value is equal to 


[2 
VN ae AY 
M.—™M.\ (04)? +( ). 


? The two types of error in statistical inference are discussed in (6). An example 
of their use as a basis for the determination of sample sizes is given by Curtiss [7] 
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In view of the formula derived for the coefficient 
of correlation p (eq 4), this expression can be written 
[(¥2/N)/(M,—M))]- o4/p 


Thus 
" 
oD Po \ N : Ca 
Expected value of (},—pP.) M,—M, p 


_ In_order to simplify the notation, let us write 
Pi~ P2=6 and denote the expected value of any 
quantity }° by the symbol £()). 


Then 


2 
e \ N Cu 
E(8) p(M,—M,) 


Taking reciprocals, we have 


N 
EM My 


o) | 


0% Ca 


Now, the observed difference 6 consists of two por- 


tions: a fixed portion, equal to /(6); and a variable | 
part, due to chance fluctuations, which we will, for | 


brevity, call “error of 6’’, and denote by the symbol 
«(6). Thus 


6=E(6) + (8). 


Expression 5 thus becomes 


N 
5—e(8) p(M,— Mix > 


75 Ca 


(6) 


The values for the risks corresponding to the two | 


types of error mentioned earlier can now be assigned 
in the following manner: 


1. The risk of inferring the existence of a dif- | 


ference between the two lots where there is actually 
none. 

Make |=, in eq 6 in order to express the fact 
that no actual difference exists. 
becomes 

€(6) 
0% 0% 


that is, the ratio of a chance fluctuation to its stand- | 
It is known that for Gaussian vari- | 


ard deviation. 
ables the absolute value of this ratio will exceed the 
value 1.96 only five times in a hundred. 
table giving the “areas’’, i. e. the cumulative frequen- 
cies of the “normal” curve, e. g. [4]). Thus if the 


risk in question is to be kept at the 5-percent level, | 


the existence cf a difference should only be inferred 
whenever 


: >1.96. 
o% 





Then the equation | es Cag a a 
i | negligible is limited to 5 percent. Then 


(Cf. any | 


2. The risk of not detecting a real difference } 
tween the two lots. 

Suppose that this real difference equals D. Th 
M,—M,=D, and eq 6 becomes 


IN 
) 
pl V2, (3), 


o% Ca 0% 


Now, in order to keep the risk of the first type at 
percent, a difference between the two lots was con- 
sidered to exist only when 


6| >1.96, 
0% 


that is, whenever 


V4 £9)! 1.96, 
o% 


> 


that is, whenever the first member is either smaller 
than —1.96 or greater than +1.96. The first possi- 
bility is remote, as it would require that the stand- 


| ardized error term be considerably smaller than 


—1.96. 
Therefore, in practice, the rule will result in de- 
tecting the existence of )) whenever 


(9) 1 96— 
0% 


pD_|N 
o 


aV2 


and consequently in committing the error of failing 
to recognize its existence whenever 


pD |N 
Oa \ 2 


As in the case of the error of the first type, the 
probability that this inequality will hold can be 
given any preassigned value, by using the table of 
areas of the normal curve. For example, if the 
second member is made equal to —1.64, (the value 
that has 5 percent of the area under the curve to its 
left), this inequality will hold five times in a hundred, 
so that the risk for the error of considering )) as 


(9) — 1 96— 
0% 


N 
2 


1.06— 8 [9.06 
oa \ 
hence 
N=2 (1.64 + 1.96) (o,)?. 
pL 
This procedure illustrates the general method o! 
determining sample size on the basis of predetermine: 
risks. By changing the numerical values inside the 
parentheses, the risks can be changed to any desire: 
values. i 
It should be noted that N is inversely proportions: 
to the square of the coefficient of correlation, 
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‘ation that permits the comparison of different | 
mpling locations from the viewpoint of economy 
sampling. Furthermore, the formula shows the 
ipid increase in the required number of sides as the | 
‘ifference D to be detected becomes smaller. 
By dividing in eq 7 both (o,)* and J* by the | 
sjuare of the average of the lot means , and M,, 
(is seen that the number of sides N is proportional, 
for a given percentage difference D to be detected, | 
io the square of the coefficient of variation of side | 


uverages, oq 4(M, + M,). 


VIII. Conclusion 


A rational solution to the problem of selecting 
the best sampling location, for any particular 
property, on a leather side has been obtained by 
theoretical considerations combined with facts de- 





rived from data obtained in a statistically designed 
experiment. This statistical method, which may 
result in considerable savings both in labor and in 
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material, can readily be applied to other situations 
in which the properties to be measured vary with 
location on the sampling unit in a systematic way. 
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Heats of Combustion, Formation, and Insomerization 


of Ten C, Hydrocarbons 


Edward J. Prosen, Frances W. Maron, and Frederick D. Rossini ' 


The heats of combustion of ten C, hydrocarbons were measured by combustion of the 
gaseous hydrocarbon in a flame at constant pressure in a glass reaction vessel in a calorimeter. 
The calorimeter system was calibrated by means of electrical energy. 

The experimental data vielded the following values for the standard heat of combustion, 

AHe®, at 25° C and constant pressure, of the gaseous hydrocarbon in gaseous oxygen to 
form gaseous carbon dioxide and liquid water, with all the reactants and products in their 
thermodynamic standard reference states, in kcal/mole: n-butane, 687.42 + 0.15; 2-methyl- 
propane, 685.37+ 0.11; l-butene, 649.33+ 0.18; cis-2-butene, 647.65+0.29; trans-2-butene, 
646.90 + 0.23; 2-methylpropene, 645.19+ 0.25; 1,2-butadiene, 619.93+0.13; 1,3-butadiene, 
607.16+ 0.18; 1-butyne, 620.64+ 0.20; 2-butyne, 615.84 + 0.23. 

Values of heats of isomerization, formation, and hydrogenation were derived from these 


data. 


I. Introduction 


The present investigation, sponsored by the U. S. 
Office of Rubber Reserve, is a continuation of the 
thermochemical investigation of monomeric com- 
pounds [1]* of importance in the national synthetic 
rubber program, and is also a part of the work of 
the thermochemical laboratory of this Bureau on the 
determination of the heats of formation of compounds 
of importance to industry and science. 

Calorimetric measurements have been made of 
the heats of combustion at constant pressure of 
n-butane, 2-methylpropane (isobutane), 1-butene, 
cis-2-butene, trans-2-butene, 2-methylpropene (iso- 
butene), 1,2-butadiene, 1 ,3-butadiene, 1-butyne (ethyl- 
acetylene), and 2-butyne (dimethylacetylene). 

Values of heats of isomerization, obtained as the 
differences in the heats of combustion of corres- 
ponding isomers, are also reported. Combination of 
the heats of combustion with the heats of formation 
of water and carbon dioxide yields values for the 
heats of formation of these compounds. The 
description of the determination of the heat of 
isomerization of 1-3-butadiene to 1,2-butadiene has 
been previously published [1]. For that determina- 
tion it was not necessary to determine the electrical 
energy equivalent of the calorimeter system. The 
calorimeter system has been calibrated with electrical 
energy as part of this investigation, thus yielding 
new values for the heats of combustion of these two 
compounds. 


II. Method 


The units of energy, molecular weights, and 
method of assigning uncertainties are the same as 
previously described [1]. 

The relative values of the heats of combustion of 
these compounds were determined as described pre- 
viously [1]. This involved the determination of a 
constant B (eq 3 of [1]) from a series of calorimetric 
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combustion experiments on each compound, where 
B is essentially the temperature rise of the calorim- 
eter system per gram of carbon dioxide formed in 
the combustion of the hydrocarbon. A_ standard 
calorimeter system and approximately the same 
temperature interval were used in all experiments. 
The temperature rise was measured as the increase 
in resistance of the given platinum resistance ther- 
mometer as determined on the given resistance 
bridge. 

To determine the absolute values of the heats of 
combustion of these compounds, it was necessary to 
determine the electrical energy equivalent /, of the 
calorimeter system. This was done by using elec- 
trical energy to produce the same temperature rise 
in the standard calorimeter system as was produced 
in the calorimetric combustion experiments. The 
experimental value of the heat evolved per mole of 
hydrocarbon reacting is 


—AHcec=E,-B-(44.010)n, (1) 


where 44.010 is the molecular weight of carbon 
dioxide, and n is the number of moles of carbon 
dioxide per mole of hydrocarbon (n is 4 for these 
C, compounds). 


Ill. Apparatus 
1. Calorimeter Systems 


The calorimeter assembly, thermometric system, 
reaction vessel, and sparking system nave been de- 
scribed in the paper on the heat of isomerization of 
the butadienes [1]. Two changes were made in the 
calorimeter system during the course of this work, 
necessitating the consideration of three systems, |, 
II, and IIL. 

The calorimetric combustion experiments on the 
two butadienes [1] and the two butanes were per- 
formed, using system I. After calibration of system 
1 with electrical energy, the Mueller resistance 


bridge, Number 404, was replaced by a new Mueller 
The calorimetric 


resistance bridge, Number 679195. 
































mbustion experiments on the two butynes were 

erformed, using this calorimeter system II]. After 
calibration of system II with electrical energy, the 
Picein-coated calorimeter heater [1] was replaced 
by a new calorimeter heater. The calorimetric 
combustion experiments on the four butenes and a 
series of electrical energy calibration experiments 
were then performed on calorimeter system III. 
Platinum resistance thermometer No. 262214 was 
used throughout this investigation. 

The Picein on the old Picein-coated heater would 
oceasionally crack, causing electrical leakage; or 
would chip off, causing a change in heat capacity, 
therefore, a new heater was made that was com- 
pletely encased in copper. The new heater was 
wound on a thin copper cylinder 3 in. in diameter, 
3 in. high, and 0.016 in. thick. This cylinder was 
covered by a sheet of mica, 0.003 in. thick, over 
which was wound, noninductively, a heater of about 
65 ohms of enameled manganin resistance wire, No. 
30 AWG. This wire was covered by another sheet 
of mica and another close-fitting machined copper 
cylinder, 0.016 in. thick, was slipped over the as- 
sembly, and the two copper cylinders were soldered 
together at the ends (the inner cylinder having been 
originally machined with a lip at each end so that 
the two cylinders fitted very closely together at the 
ends and with just room enough for the wire and 
the two sheets of mica in the body). A thin copper 
tube was soldered onto the outer copper cylinder to 
carry the enameled copper wire leads, No. 28 AWG, 
through the water in the calorimeter can. The as- 
sembled heater was nickel-plated and polished. 


2. Apparatus for Measurement of Electrical Energy 


The apparatus and arrangement for measuring the 
electrical energy during the calibration experiments 
was essentially the same as that described previously 
(2). A new Wenner potentiometer (range 0 to 100, 
000uv), Number 684695, was used to measure the 
potential drops across the standard resistors. This 
potentiometer was calibrated by the Resistance Mea- 
surements Section of this Bureau immediately pre- 
ceding this series of experiments, and the potentiom- 
eter ratio was determined [3] at the time of each 
experiment with electrical energy. The potentio- 
meter ratio was determined by connecting in series a 
\0-ohm standard resistor, a 100-ohm standard re- 
sistor, a variable resistance, and an auxiliary battery. 
The current through this circuit was adjusted, by 
use of the variable resistance, so that the potential 
drop across the 100-ohm standard resistor was equal 
to the emf of the standard cell. This comparison 
was made by first adjusting the potentiometer work- 
ing current, using the standard cell, then replacing the 
standard cell with the potential leads from the stand- 
ard resistor. When these were equal, the potential 
drop across the 10-ohm standard resistor was read 
on the potentiometer. The ratio of this reading to 
the true potential drop, as calculated from the known 
current flowing through the standard resistors, is the 
potentiometer ratio. 

The standard cell and standard resistors used were 








calibrated by the Electrochemistry Section and Re- 
sistance Measurements Section of this Bureau, re- 
spectively, at intervals of about 1 year. 

The electrical power was computed as the product 
of the potential drop per ohm across a 0.1-ohm stand- 
ard resistor in series with the calorimeter heater and 
the potential drop across the calorimeter heater, cor- 
rected for the current through the standard resistors 
in parallel with the calorimeter heater. The poten 
tial drop across the latter was determined from the 
potential drop across a 10-ohm standard resistor in 
series with a 10,000 ohm standard resistor, both of 
which were in parallel with the heater. 

The current was diverted from the external “spill’’ 
coil to the calorimeter heater and back again with 
the use of an automatic switch, [4], which was acti- 
vated by seconds signals obtained from the Time 
Section of this Bureau. 


IV. Chemical Procedure 
1. Purity of the Compounds 


The source and purity of the 1,2-butadiene and 
1,3- butadiene were previously reported [1]. 

The 1-butyne and 2-butyne were API-NBS 
samples purified by the American Petroleum Insti- 
tute Research Project 6 from material supplied by 
the American Petroleum Institute Research Project 
45 at the Ohio State University, through C. E. Boord. 
The purities of these two samples were reported 
[5, 6] as follows, in mole percent: 1-butyne, 99.88 + 
0.07; 2-butyne, 99.959 + 0.038. 

The 2-methylpropene (isobutene) was supplied by 
the Standard Oil Development Co., through W. J. 
Sweeney, and had a purity of 99.75+0.10 mole 
percent, as determined from measurements of the 
freezing point [7] by A. R. Glasgow, Jr., of this 
Bureau. 

The n-butane, 2-methylpropane (isobutane), 1- 
butene, cis-2-butene, and trans-2-butene were Re- 
search Grade hydrocarbons supplied by the Phillips 
Petroleum Co. through R. C. Alden and F. E. Frey. 
The purities of each of these samples, except 1-bu- 
tene, were determined from measurements of freezing 
points [7] by A. R. Glasgow, Jr., and A. J. Streiff 
(of the American Petroleum Institute Research Proj- 
ect 6) as follows, in mole percent: n-butane, 99.78 + 
0.08; 2-methylpropane (isobutane), 99.88 +0.06; 
cis-2-butene, 99.74+0.10; trans-2-butene, 99.32+ 
0.08. The purity of the 1-butene was reported by 
the Phillips Petroleum Co., from measurements of 
freezing points, supplemented by mass spectral 
analysis, to be 99.88 mole percent. 

It is believed that in each case the impurity was 
predominantly isomeric and present in such small 
amount that the value of the heat of combustion was 
not significantly affected. 


2. Purity of the Reaction of Combustion 


As a check on the purity of the reaction of com- 
bustion, both the water and carbon dioxide were 
collected and the masses determined for most of the 
experiments. The results of these determinations 
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are given in table 1, in which are listed, for each sub- 
stance, the number of experiments, the mean value 
of the stoichiometric ratio, 7, of number of moles of 
carbon dioxide to the number of moles of water 
collected multiplied by the factor 6/2a (where C,H, 
is the empirical formula of the hydrocarbon), and 
the standard deviation of the mean. “Blank” cor- 
rections to the weights of the carbon dioxide and 
water absorption tubes were taken into account, 
insofar as their effect on the ratio 7 was concerned, 
in conjunction with the procedure described below 
(section VI, 2) for determining the “ignition” energy. 
These ignition-energy experiments were performed 
in the same manner as the combustion experiments, 
except that the flame was allowed to burn only 
about 40 see. instead of about 20 min. as in the regu- 
lar combustion experiments. The procedure 
handling the tubes and length of time of flushing of 
the reaction vessel with oxygen were made the same. 
Any blank corrections to the weights of the absorp- 
tion tubes due to flushing with oxygen or to the 
absorption of unburned hydrocarbon in the absorp- 
tion tubes as the result of any incomplete combustion 
during the ignition and extinction of the flame, 
were taken into account in the following manner. 
The deviation of the ratio r from unity for these 
short-time ignition experiments was translated into 
an excess or deficiency in the mass of water collected. 
This correction was applied to the mass of water 
collected in the regular combustion experiments in 
calculating the ratio r given in table 1. 


Tarte 1. Stoichiometric ratios of the masses of carbon dioxide 
to water formed in the combustion of the hydrocarbons 


Mean value 
of the 
stoichiomet 
ric ratio, r 


Num- 
ber of 
experi- 
ments 


Standard 
deviation of 


Substance tt 
ve mean 


00022 
00019 
00009 
00005 
OO019 
00017 
00009 
coo14 
0024 
00021 


1. 00024 
0. Gouu4 
geey2 
woud | 
woes2 
YuYst) 
wade? 
QO007 
Gs 4 
G9956, 


He 


1,3- Butadiene 

1,2- Butadiene 

n- Butane 

2- Methyl propane 
1-Butyne 
2-Butyne 

1- Butene 

cis-2- Bute ne 
frans-2- Butene 
2-Methylpropene 


hHHHHHH HEHE 


The heat effect of any possible incomplete com- 
bustion during the ignition or extinction of the flame 
was taken into acount also by the method of deter- 
mining the ignition energy. With this procedure 
the heat of combustion was in reality determined 
from the portion of the combustion when the flame 
was in a steady state, any constant errors associated 
with the ignition and extinetion of the flame can- 
celing out. ; 

Samples of the products of combustion were ana- 
lyzed for carbon monoxide, the most likely product 
of incomplete combustion, by the Gas Chemistry 
Section of this Bureau [8]. In no case was the total 
amount of carbon monoxide greater than 0.004 per 
cent of the amount of carbon dioxide formed in the 
combustion, hence no corrections were applied for 
this small amount of carbon monoxide. 
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3. Determination of the Amount of Reaction 


For each calorimetric combustion experiment, th: 
amount of reaction was determined from the mass 
of carbon dioxide formed, taking 1 mole or 44.010 ¢ 
of carbon dioxide as equivalent to one-fourth mol 
of these C, hydrocarbons. No blank corrections 
were applied to the weights of the carbon dioxid 
absorption tubes, since these corrections, if signifi- 
cant, were automatically translated into ignition- 
energy corrections. 


V. Calorimetric Combustion Experiments 


1. Procedure 


The calorimetric combustion experiments were per- 
formed as described in the paper on the heats of isom- 
erization of the butadienes [1]. For each of these 
different hydrocarbons, it was necessary only to 
vary the amount of primary oxygen entering the 
reaction vessel to produce a blue flame with a sharp 
inner cone to insure complete combustion of the 
hydrocarbons. The rate of flow of the hydrocarbon 
was set such as to produce upon combustion the 
required temperature rise of 4° C in the colorimeter 
system (equivalent to about 60,000 j of energy) in a 
period of about 20 min. The secondary oxygen 
rate was set such that the total oxygen (primary plus 
secondary) was about 150 percent of that required 
stoichiometrically for complete combustion. 

In the experiments with 2-butyne, which is nor- 
mally a liquid at room temperature, the vapor was 
introduced into the calorimeter, using helium as the 
carrier gas. Any combustible impurities in the 
helium were removed by passing the helium through 
a tube packed with copper oxide and maintained at 
about 600° C, then through separate tubes con- 
taining ascarite, magnesium perchlorate, and phos- 
phorous pentoxide. The rate of flow of helium was 
determined with a bypass flowmeter, and at the 
proper instant during an experiment, the helium 
was bubbled through a fritted-glass bubbler into 
the liquid 2-butyne (at 15° C) and fed directly into 
the calorimetric reaction vessel. 


2. Determination of the “Ignition’’ Energy 


Experiments to determine the energy associated 
with the ignition and extinction of the flame (igni- 
tion-energy experiments [1]) were performed on each 
compound in the same manner as the regular com- 
bustion experiments, except that the flame was 
allowed to burn for only about 40 sec. The energy 
contributed by the combustion of the hydrocarbon, 
as determined from the mass of carbon dioxide 
coliected and an approximate value for the heat of 
combustion of the hydrocarbon, was subtracted from 
the total energy liberated in the short-time experi- 
ments, to vield the ignition energy. 

The mean ignition energies (with their standard 
deviations) as determined by such experiments were 
as follows: 1,3-butadiene and _— 1,2-butadiene. 
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2.8 j; n-butane, 63.7 +3.6 j; 2-methylpropane, 

-1.3 ); 1-butyne, 57.2+5.6 ); 2-butyne, 71.84 

- 1-butene, 51.9 + 4.2 j; cts-2-butene, 46.2 + 4.4 j; 

:-2-butene, 48.7 + 0.2 }; 2-methylpropene, 43.05 

ij. The uncertainties in these ignition energies 

were taken into account in calculating the final 
uncertainties assigned to the heats of combustion. 


3. Results of the Calorimetric Combustion 
Experiments 


The results of the calorimetric combustion experi- 
ments are given in table 2, in which are listed for 
ach compound the following quantities: the experi- 
ment number; A/c, the corrected temperature rise 
of the calorimeter expressed in ohms; the mass of 
carbon dioxide formed; g, and q,, the quantities of 


heat evolved in addition to that evolved by the 
standard calorimetric process [1]; q;, the ignition 
energy; B, the temperature rise in ohms of the 
calorimeter system contributed by the standard 
calorimetric process per gram of carbon dioxide 
formed; and the mean value of B, together with its 
standard deviation. The data on 1,3-butadiene 
and 1,2-butadiene have previously been published 
[1], and only the mean value of B, together with its 
standard deviation, are given here. These values 
differ from the previously published values [1] of B 
due to the use here of the actual ignition energy 
instead of the “sparking” energy and due to a change 
in the calorimeter system between the time of the 
combusiion experiments and the electrical energy 
experiments necessitated by repairs to the reaction 
vessel. 


TABLE 2. The calorimetric combustion experiments 


Experi Mass of 
Compound ment R carbon 
num ber dioxide 


Ohms 
1,3-Butadiene 


1,2- Butadiene 


SANO6 | 3. ORN34 
391255 3. 71225 
: SR0682 3. 60862 
n- Butane 391074 | 3.71027 
390701 3. 70800 
391245 3. 71410 


391093 3. 72580 
3903830 3. 71645 

: VTE 2 75 : 
2-Methylpropane : ponsiny : ae 
389206 3. 70505 
3SS8287 3. 69483 


386227 0049 
OS8219 
S4tis4 
OW392 
387404 O7181 
3u4014 13909 


1-Butyne 





3853.54 Og629 
393201 16628 
2-Butyne : 392782 16211 
391251 14674 
394437 18146 


390078 3. 92767 
390959 3. GB618 
391116 3. 93653 
390408 3. 98126 
390460 3. W0K2 
SSO915 3. 92383 


1- Butene 


391148 

391884 

7 391826 

cis-2-Butene . 391001 
5 390408 

391305 

SSS204 


300851 3. 94982 
391170 3.95104 
frans-2-Buten S91LTU4 3. 95639 
391341 3. 95343 
390535 3. 94809 


33353 3. S479 

SSOT57 3. G5268 

2-Methylpropen ; SS9113 3. 94302 
. 383724 3. 86059 

111579 13195 


Mean value 
of Bwith its 
standard 
deviation 


Ohmsig CO» 
f 0. 0985614 
1 +. OOOO110 


Ohmsaig C Oy 


f 0955298 
| O000054 


1OSV204 
1059455 
1059158 1059307 
1059175 QO00054 
105044 
1059204 


s 


“Inte wre 


1059125 1056143 
1056152 000032 
1OSF 005 
1056168 


"hows 


O9S5511 
OG55518 
OUS6153 OUS55834 
OUSSRU6 O000 10 
OG55806 
0956080 





ton rnonwnwt 


OU48779 
OU4S117 
(948273 
OU4S487 
OV48600 


0948451 
OOOOLTT 


i a a as 


OUYS 168 
(UUS460 
OUYSHYY OUUS4.54 
OUUSR251 +. QOO0096, 
OUYRS U4 
(QUST 5S 


OverOs1 
O9O5172 
0995826, 
OIV5Y17 
O4gnes 5 


OWYSS5Y 
O000200 


hore rrr 


Owus245 


09942900 
0994730 
OUg51H2 
904974 
Ove44an 


oue4d7i6 
OOOO LES 


(U2 2s 
OUGITST 
OU92289 
ON1691 
0.492052 


OWU2080 
| +. OOOITI 
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VI. Electrical Energy Experiments 
1. Procedure 


The calorimetric procedure used in the electrical 
energy experiments was the same as in the combus- 
tion experiments [1], except that electrical energy 
instead of chemical energy was supplied during the 
reaction period. The voltage across the 65-ohm 
calorimeter heater was about 60 v, and the time of 
heating was about 20 min. (about the same length 
of heating time as in the combustion experiments). 


2. Results of the Electrical Energy Experiments 


The results of the electrical energy experiments are 
given in table 3, in which are listed, for the experi- 
ments on calorimeter systems I, II, and III, the 
following quantities: The experiment number; APc, 
the corrected temperature rise of the calorimeter 
system expressed in ohms; the amount of electrical 
energy supplied to the calorimeter; /,, the electrical 
energy equivalent of the calorimeter; and the mean 
value of £,, together with its standard deviation. 


TaBLe 3. The electrical calibration experiments 


Mean value of 
Es with its 
standard 
deviation 


Experi- Electri- 
ment cal 
number energy 


Calorimeter 
system 


jiohm j/ohm 
154222. | 
154237. 8 
154242. 1 
154220. 1 
154229. 0 


! 
| 


Ohms 

0. 401716 
392416 
391576 60307.! 
391473 | 60373 
391621 HOSNN. ° 


1}4230.2 +4.3 


60867 
610385. 7 
A485. ° 
60815. : 
GOR70. : 
60954 


394435 
3Y5498 
3919S 
. 394095 
304425 
394851 


14316. : 154319.6 42.5 
154326. 7 
154321. 5 


2 
1543118 
$ 


154555. 6 
154558 
154560 
154567 
154572. ¢ 


391971 
395233 
393619 
393612 
361159 


HO581. 5 
61086, 
60837 
6ON30. 6 
55825. 4 


154562.9 +3.2 


To test for systematic errors, several series of 
experiments were performed in which the voltage 
supplied across the calorimeter heater was 35 to 40 v 
instead of 60 v, thus making the heating period 
(40 to 50 min) at least twice as long as the usual 
20 min. The resulting electrical energy equivalents 
obtained from three such experiments on calorimeter 
system I was £,=154253+ 41, from five experiments 
on calorimeter system Il was /,=154341+5, and 
from five experiments on calorimeter system III was 
E,=154568+10 (standard deviation of the mean). 
Since these experiments were performed under con- 
ditions greatly different from the usual electrical 
energy experiments or the calorimetric combustion 
experiments, it was concluded that the heat leak 
corrections were being made properly and that the 
rate of stirring of the water in the calorimeter vessel 
was adequate. 





VII. Heats of Combustion, Formation, Isomerizatic 
and Hydrogenation 


The product of B and E, multiplied by the mol, 
ular weight of carbon dioxide and the number | f 
moles of carbon dioxide per mole of hydrocar}..» 
(eq 1) yields the heat of reaction as expressed by | )\¢ 
“standard calorimetric process” [1]. In these expe: i- 
ments, in which approximately 50 percent of exe: s 
oxygen was employed, the process may be defined |)y 
the equation 


b+4a 
Ss 


25°C) -[ aco,+(°%**)o, ] (eas, 1 atm, 25° C) + 


C,H, (gas, 1 atm, 25° C) +3( Jo, (gas, 1 atm, 


hea 
con 
Th 
of | 
pou 
n-b 


b : 
5 H,0 (liq, 1 atm, 25° C). 


To convert the heat of this reaction, —A//e, to the 
standard heat of combustion, —A//c°, as expressed 
by the reaction at 25°C 


b+ 
C,H, (gas) +( **)o, (gas) =a CO, (gas) + 


b : 
5 H,O (liq), 


it is only necessary to take account of the change in 
heat content for each gas from its given pressure to 
zero pressure, so that each substance will have the 
heat content of the thermodynamic standard state. 
For this calculation the change in heat content, 
|H?-°—H?™" Joos is, Was taken as —180 j/mole for the 
C, hydrocarbons, —8.1 j/mole for oxygen, and 
— [8.06 + 15.94+ 17.42’] j/mole [9] for carbon dioxide- 
oxygen mixtures, where z is the mole fraction of car- 
bon dioxide in the mixture. As seen from table 4, 
the value of this correction is —0.02 kcal/mole for 
each of the compounds investigated. 

In table 4 are listed for each compound: the mean o 
value of B from table 2; £,, the mean value of the I 
electrical energy equivalent of the calorimeter system com 
from table 3; —AHc, the heat of combustion for the com 
standard calorimetric process; —AHc°, the standard 
heat of combustion; AH/f°, the standard heat of 
formation; MH° isomerization; and AH?° hydro- 
genation. 

The heats of formation were calculated from the 
heats of combustion utilizing the values of 68.317 
+0.010 keal/mole [10] and 94.052 +0.011 keal/mole 
[17] for the heats of formation of water and carbon 
dioxide, respectively. 

The heats of isomerization are the differences in 
the heats of combustion, but the uncertainty is lower 
than the combined uncertainties of the heats of 
combustion since the electrical energy equivalent o! 
the calorimeter system need not be known precisely 
[11]. These heats of isomerization apply to the 1 
action of forming the particular isomer from tl 
first isomer listed. 


TAB 


110 





TABLE 4. 


Compound (gas B 


Oh ms/gC Oy 
1,3- Butadiene 0. 0935614 +. 0000220 
1,2- Butadiene 0955298 +. 0000108 


0000108 
0000064 


1059307 


n-Butane + 
1056143 + 


2-Methyl propane 
154319. 6 
154319. 6 


0000216 
+. 0000234 


0955834 


1-Butyne 
0948451 


2-Butyne 


0000192 
0000400 
0000326 | 154 


54562. 


0000342 | 1: 


O99S4.4 
OO9ESHY 
0994716 
0992089 + 


1-Butene 

cis-2- Butene 
trans-2-Butene 
2-Methy!lpropene 


The heats of hydrogenation were derived from the 
heats of combustion of the compounds involved, 
combined with the heat of formation of water. 
These heats of hydrogenation apply to the reaction 
of hydrogenation of the particular unsaturated com- 
pound to form the parent saturated hydrocarbon, 
n-butane or 2-methylpropane. 


TABLE 5. 


2-Meth- 
ylpro- 
pane 


Reactant (gas 
n-Butane 


n-Butane 
2-Methylpropane 


1-Butene 
cis-Butene 


frans-2-Butene 
2-Methylpropane 


!,2-Butadiene 
1,3-Butadiene 


1-Butyne 
2-Butyne 





VIII. Comparison with Earlier Data 


The results of the present investigation are 
compared in table 6 with earlier data on heats of 
combustion and heats of hydrogenation. 


Comparison of the data of the present investigation 
with earlier data 


TABLe 6. 


Value from 
present investi- 
gation 


Value from previous 
investigation 


Compound Difference 


Standard heat of combustion, — A//c® at 25° C, in kcal/mole 


687.98 +0.17 [12] | 687.42 40.15 0.56 +0. 23 
686.34 + .15 [13 685.37 + .11 7+ .19 


Butane 
!-Methylpropane 


Standard heat of hydrogenation, A//° at 25° C, keal/mole 


—6H. 37 +0. 3 0.19 +0. 28 
—65.05 + 4+ .#@ 
—3. 23 + .7 4+. 
—-2.55 + . 3% | 1 + .34 
—27.80 + .: 39+ .2 
—2.14 + . -8 + .2 


— MH. 56 +0. 15 [14 
—65.19 + . 30 [15 
—30.09 + .10 [16 
—28.45 + . 10 [i6 
—27.41 + . 10 (16) 
—2.11 + .10 [16 


,3- Butadiene 

-Butyne 

-Butene 

is-2- Butene 

rans-2-Butene 
Methylpropene 


916783—51——_3 


— AHe 


| 


1-Butene 


The heats of combustion, formation, isomerization and hydrogenation at 25° C 


AH?” hydro 
genation 


* , AH® iso- 
— AHc Alls erization 


keal/ mole 
—M. 37 +0. 24 
—9. 14 +. 20 


keal /mole kcal/mole 
607.14 40.18 | 607.16 +0.1 
619.91 +.13 | 619.93 


keal/ mole kcal/mole 
+2.00 +0.19 0 

+ +38.77 +.14 (412.77 +0.18 
687.40 +.15 


687.42 5 |—30.37 +.16 0 0 
685.35 a4 1 J 


685. 37 —32. 42 13) —2.05 +0.12 0 


620. 62 


62.04 +.: 39. 48 -. 21 0 fi 
615. 82 23 


615. 84 4.68 +.24 4.80 +0.: 


619. 33 0.15 19 0 
647. 63 647. 65 : 83 30 | —1.68 +0. 3% 
646. 88 3 | 646.90 , 2.58 +.24 |) —2.43 +0 

645.17 25 | 645.19 +. 25 2 +.B) —4.14 +0. 2 


649. 31 


Some additional heats of isomerization, hydro- 
genation (or dehydrogenation), or both isomeriza- 
tion and hydrogenation (or dehydrogenation) are 
given in table 5. Hydrogen is one of the reactants 
(or products) if the reaction involves hydrogenation 
(or dehydrogenation). 


Heats of isomerization and/or hydrogenation in the gaseous state at 25° C 


Product (gas 


2-Meth- 
trans-2- y!pro- 
Butene pane 


1,3-Bu- 
tadiene 


!,2-Bu- 
tadicne 


cis-2- 


Butene 1-Butyne| 2-Butyne 


ATT°, keal/mole 
2s. 54 27.79 | +26. +69. 85 
30. 59 20.84 +: 3 +71. 90 
—1. 68 2.43 - +" +39. 63 
0 75 2 +27. & +41.31 
+0). 75 ) 28. ! +42. 06 
+2. 46 71 } 
—40. 00 —41.35 
— 27. 83 — 28. 58 


—41.31 — 43 
—36. 51 —37. 








It is to be noted that the earlier data from this 
laboratory [12, 13] on n-butane and isobutane 
differ from the data of the present investigation by 
an amount significantly greater than the estimated 
uncertainty of the difference. One of the authors 
(Rossini) has carefully reviewed the earlier data but 
has been unable to discover any reason for the 
indicated difference other than the possibility that 
the earlier samples of n-butane and isobutane were 
not as pure as believed. The purity of the earlier 
samples of n-butane and isobutane was not de- 
termined from measurements of freezing points but 
from differential vapor-pressure measurements, 
quantitative evaluation of which involved assump- 
tions as to the impurities present in the samples. 

The accord of the data of the present investigation 
with the data on heats of hydrogenation by Kistia- 
kowsky and coworkers [14, 15, 16] is very good, 
except in the case of trans-2-butene, for which the 
difference is only slightly greater than the combined 
uncertainties. 
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Effect of a Metal Mast and Guy Wires on the Performance 
of the 600-Ohm Multiple-Wire Delta Antenna 


Harold N. Cones 


This report describes the results of measurements made to determine the effect of a 
metal mast and guy wires on the radiation pattern and the effect of guy wires on the ter- 
minal impedance and the radiation efficiency of the 600-ohm multiple-wire delta antenna. 
Model techniques were used to obtain radiation patterns of identical antennas supported in 
various ways. Curves are presented showing the terminal impedance over the frequency 
range | to 25 megacycles of full-scale antennas with and without guy wires. A graph of the 
quasi-radiation efficiency of the antenna as a function of frequeney is shown. 


I. Introduction 


The 600-ohm multiple-wire delta antenna ' (fig. 1) 
used in ionosphere studies requires only a single 
large wooden mast. This mast, which is less than 
80) ft. long, can ordinarily be procured and erected 
in most locations. However, in some locations it 
may be desirable to use a sectionalized metal mast. 
As the mast lies in a neutral plane of the antenna, 
it would appear that if the antenna was electrically 
and mechanically symmetrical and was fed by a 
balanced transmitter there would be no radiation 
from & metal supporting mast. It is quite im- 
probable however that such a completely balanced 
condition will prevail. Any unbalance in the sys- 
tem will cause a residual current flow in the mast, 
which at resenance could become quite iarge caus- 
ing appreciable radiation. It would also seem 
desirable to use guy wires to help support either a 
wooden or metal mast. Because the effects of a 
metal mast and guy wires on the radiation pattern 
and impedance of the delta antenna are difficult 
to predict analytically, experimental measurements 
were made to determine these effects. This report 
describes the results of these measurements. 


II. Instrumentation 


Radiation pattern measurements were made by 
using model techniques. That is, all dimensions 
of the antenna were scaled down by a certain factor, 
in this case 30, and the frequency was scaled up by 
the same factor. The model antennas were sup- 
ported by nonconducting or metal masts of a diam- 
eter corresponding to 1 ft. in diameter on a full-scale 
antenna. Sinee ordinarily a single mast supports 
one transmitting and one receiving delta antenna 
mounted at right angles to each other, guy wires 
when used were spaced as shown in figure 2. In 
all cases the guy wires were insulated from the pole 
and from ground. When continuous guy wires 
were used these were the only insulators. The 
slionalized guy wires had insulators at a spacing 
eqiivalent to every 7's ft.,or about 0.2 wavelength 


N. Cones, H. V. Cottony, and J. M. Watts, A 600-ohm multipie-wire delta 
s for ionosphere studies, J. Research N BS 44, 475 (1950) R P2094. 





at 25 Me. Pattern measurements were made over 
a ground mat of metallic mesh. When the model 
was supported by a metal mast, this mast was 
electrically connected to the ground mat. 

The model antenna was used as a receiving an- 
tenna. <A battery-operated high-frequency trans- 
mitter modulated at an audio frequency was mounted 
at the apex of an A-frame and moved about the 
model in a semicircular are of 13 ft. in radius. The 
angular displacement of the transmitter with respect 
to ground was transferred to the turntable of a 
recorder by means of a selsyn system. The signal 
received by the model was rectified and the resulting 
audio-frequency voltage passed through a series of 
selective amplifiers and servomechanisms to cause 
a radial displacement of a pen on the recorder 
turntable. Thus as the transmitter was moved 
through an are of 180 deg., the vertical radiation 
pattern of the antenna was automatically plotted. 

Figure 3 is a diagram of the model range showing 
the paths of the target transmitter with reference to 
the antenna under test. The model antenna was 
located in the X-Z plane. Radiation patterns were 
measured in the X-Z and Y-Z planes. In measuring 
patterns in the X-Z plane the polarization of the 
transmitting antenna was always such that the 
electric vector was tangent to the meridian arc 
XZX’. Ip measuring patterns in the Y-Z plane, the 
electrte vector was always parallel to the X axis. 

The patterns obtained show the relative power 
that would be radiated by the antenna at different 
vertical angles in a given plane for a given frequency. 
The patterns were normalized, that is; the gain of 
the pattern plotter was adjusted for each frequency 
to give a full-scale deflection at the point of maximum 
gain. Prttern measurements were made only for the 
frequencies equivalent to 14 through 25 Me because, 
with the scale factor of 30 which was used, the model 
range was too small for measurements at lower 
frequencies. 

Impedance measurements of full-scale antennas 
were made with a balanced recording impedance 
meter that automatically plots the absolute magni- 
tude of input impedance of an antenna over the 
frequency range 1 to 25 Me. A block diagram and 
brief description of this instrument have been 
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published.’ Basically, it consists of a sweep fre- 
quency generator with a constant-current output, 
the voltage across the output terminals being, 
therefore, directly proportional to the impedance 
impressed across the output terminals. The instru- 
ment is calibrated by substituting noninductive 
resistors for the unknown impedance. The absolute 
magnitude of the unknown impedance at any 
frequency can be determined by _ interpolating 
between the calibrating lines. 

This instrument can also be used to obtain an 
indication of the radiation efficiency of a nonresonant 
antenna. The curve plotted by the impedance 
meter when an antenna is connected to its output 
terminals shows in arbitrary units the voltage across 
the antenna imput terminals. The curve also shows 
the impedance of the antenna, as the voltage is 
directly proportional to impedance. Since the input 
voltage and the input impedance of the antenna are 
known, the input power (in arbitrary units) can be 
computed for frequencies at which the antenna is 
purely resistive. These are, for all practical pur- 
poses, the frequencies at which the impedance is 
either a maximum or a minimum. If measurements 


are made of the voltage across the terminating | 


resistor, the power dissipated in the resistor (in the 
same arbitrary units) can be determined. Knowing 
the power input to the antenna and the power 
dissipated in the terminating resistor, a quasi-radia- 
tion efficiency of the antenna (taken as the quotient 
of the power input less the power dissipated in the 
terminating resistor and the power input) can be 
evaluated. This quasi-radiation efficiency always 


exceeds the true radiation efficency, since it in- | 


cludes the copper, ground, and dielectric losses as 
power radiated. 


III. Results of Radiation Pattern 


Measurements 


measurements were made of 
four identical antennas supported by a noncon- 
ducting mast, by a metal mast, by a metal mast and 
continuous guy wires, and by a metal mast and guy 
wires that were broken up by insulators spaced at 
distances equivalent to 7}, ft. 

Figure 4 shows the radiation patterns obtained 
in the X-Z plane for these four antennas. Refer- 
ring to the figures, it is seen that at 14 Me the side 
lobes that are characteristic of the multiple-wire 
delta antenna at this frequency are effectively sup- 
pressed, at least in this plane, by the continuous 
guy wires. At 15 Me, the metal mast causes a 
marked change in the usual pattern. Here again the 
continous guy wires suppress the side lobes in this 
plane. From 16 through 20 Mc, the method of sup- 
port does not appear to affect the pattern appreci- 
ably, although continuous guy wires slightly increase 
the amount of low angle radiation at 16 Me and 
slightly decrease it at 17, 18, 19, and 20 Me. At 21 
Me, side lobes appear for the antenna with the con- 

?H. N. Cones, Impedance characteristics of some experimental broad-band 


antennas for vertical incidence yo" T-7: sounding, J. Research NBS 43, 71 
(1949) R P2006; see also reference lis in footnote 1. 
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tinuous guy wires. At this frequency the long g 
wires are 2 wavelengths long and the short ¢ 
wires are 1 wavelength long. Also at this frequen: 
the metal mast is approximately 1'; wavelengi 
long. From 22 through 25 Me the patterns are ve 
nearly alike, although the use of the sectionaliz 
guy wires results in a slight change in the radiativ, 
pattern at 24 and 25 Me. 

The difference in the radiation patterns obser, 
at 15 Me between antennas employing nonconduc'- 
ing and metal masts (both without guy wires) is a\- 
tributed to the resonance of the mast close to this 
frequency. This effect would not be observed ex- 
cept for the existence of an exciting voltage that 
would have to arise from an unbalance incidental (o 
the model antenna system under test. Therefore, 
as the unbalance is likely to vary in different installa- 
tions it may be expected that the resonance effecis 
discussed above will likewise vary in-magnitude. 

Figure 5 shows comparative radiation patterns 
in the Y-Z plane for all four methods of support. 
At any one frequency the patterns are substantially 
alike. 

It is seen that the use of continuous guy wires is 
very effective in suppressing side lobes in the \-Z 
plane at 14 and 15 Me and to some extent effective 
in reducing low-angle radiation at other frequencies. 
They do not appear to affect the pattern in the Y-Z 
plane. 


IV. Results of Impedance Measurements 


Impedance measurements were made of full-scale 
antennas. As no metal mast was available, tests 
were limited to determining the effect of continuous 
guy wires on the terminal impedance of the antenna. 

The following impedance measurements were 
made: 1. Measurements of an antenna without guy 
wires; 2. measurements of an antenna with long 
continuous guy wires, that is, guy wires fastened to 
the top of the mast; 3. measurement of an antenna 
with long and short continuous guy wires, that is, 
guy wires fastened to the top of the mast and guy 
wires fastened to the mast 35 ft above the ground. 

Figure 6 shows the results of these measurements. 
The long guy wires affected the impedance only near 
the frequency where the guy wires were a half wave- 
length long. No change is noted at any multiple 
of a half wavelength. The short guy wires did not 
appear to have any effect on the impedance. 


V. Results of Measurements of 
Quasi-Radiation Efficiency 


Figure 7 shows the results of measurements of the 
quasi-radiation efficiency of an antenna with con- 
tinuous guy wires and of an antenna without gu) 
wires. As noted previously the quasi-radiation 
efficiency always exceeds the true radiation efficiency, 
as the copper, ground, and dielectric losses ar 
included as power radiated. Although the tru: 
radiation efficiency is not known, the lower curve 0! 
figure 7 indicates the manner in which the quasi 
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ation efficiency changes with frequency. The 
cts of guy wires are apparently very small. 

( was shown in a previous paper (see footnote 2) 
that the value of the terminating resistor was not 
particularly critical for frequencies above 8 Me. 
Fivure 7 shows that only a relatively small amount 
of energy is dissipated in the terminating resistor at 
frequencies above 8 Me. 


VI. Conclusions 


|. The use of a metal mast to support the multiple- 
wire delta antenna causes little change in the 
vertical radiation pattern in the frequency 
range 14 through 25 Me, except at 15 Me 
where large side lobes were observed in the 
particular model on which measurements 
were made. (See fig. 4.) 


In general the use of continuous guy wires 
appears to improve the vertical radiation 
pattern of the antenna. 


3. Guy wires that are broken up at short intervals 
by insulators have no measurable effects on 
the vertical radiation pattern of the antenna 
except at the highest frequencies in the oper- 
ating range. Even here the effects are minor. 


In the case of wooden masts continuous guy 
wires have no measurable effect on the input 
impedance of the antenna except near the 
frequency where the long guy wires are a 
half wavelength long. 

5. In the case of wooden masts the use of guy wires 
does not appear to affect the efficiency of the 
antenna as a radiator. 
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Ficure 1. Simplified diagram of the 600-ohm multiple-wire delta antenna. 
No. 12 wire used for all elements. 
Figure 2. Arrangement of guy wires used with 


multiple-wire delta antenna. 


Y-2-y¥' THE PaTH OF TARGET u-2-x' THE PATH OF TARGET 
TRANSMITTER IN Y-Z PLANE TRANSMITTER IN X-Z PLANE 


Ficure 3. Diagram of the model range showing the paths of 
the target transmitter with reference to the antenna under test. 


“ ANTENNA UNDER TEST 
IN K-Z PLANE 


0 0 


Ficure 4. Normalized radiation patterns in space for a multiple-wire delta antenna supported by an insulated mast and for a 
multiple-wire delta antenna supported by a metal mast with and without guy wires. 


The patterns are taken in the X-Z plane, and the antenna is in the X-Z plane. The radial displacement is proportional to power. A, Nonconducting mast; B, m« 


mast; C, metal mast with continuous guy wires; D, metal mast with guy wires that have insulators inserted every 7 ft 
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Figure 4—Continued. Normalized radiation patterns in space for a multiple-wire delta antenna supported by an insulated mast 
and for a multiple-wire delta antenna supported by a metal mast with and without guy wires. 


patterns are taken in the X-Z plane, and the antenna is in the X-Z plane. The radial displacement is proportional to power. A, Nonconducting mast; B, 
metal mast; C, metal mast with continuous guy wires; D, metal mast with guy wires that have insulators inserted every 
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Ficure 4—Continued. Normalized radiation patterns in space for a multiple-wire delta antenna supported by an insulated mast 
and for a multiple-wire delta antenna supported by a metal mast with and without guy wires. 


The radial displacement is proportional to power. A, Nonconducting mast; B, 




















The patterns are taken in the X-7 plane, and the antenna is in the X-7 plane 
metal mast; C, metal mast with continuous guy wires; D, metal mast with guy wires that have insulators inserted every 74 [t. 
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Normalized radiation patterns in space for a multiple-wire delta antenna supported by an insulated mast and fora 
multiple-wire delta antenna supported by a metal mast with and without guy wires. 
A, Nonconducting mast; B, metal 


Figure 5. 


The patterns are taken in the Y-Z plane, and the antenna is in the X-Z plane. The radial displacement is proportional to power. 
mast; C, metal mast with continuous guy wires; D, metal mast with guy wires that have insulators inserted every 7% ft. 
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Ficure 5—Continued. Normalized radiation paterns in space for a multiple-wire delta antenna supported by an insulated mast 
and for a multiple-wire delta antenna supported by a metal mast with and without guy wires. 


he patterns are taken in the Y-Z plane, and the antenna is in the X-z plane. The radial displacement is proportional to power. A, Nonconducting mast; B, metal 


mast; C, metal mast with continuous guy wires; D, metal mast with guy wires that have insulators inserted every 744 ft. 
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Ficure 6. Impedance of 600-ohm multiple-wire delta antenna with and without guy wires. 


A, Impedance of multiple-wire delta antenna without guy wires; B, impedance af multiple-wire delta antenna with long continuous guy wires; C, impedance of 
multiple-wire delta antenna with long and short continuous guy wires 
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Ficure 7. Measurements of the quasi-radiation efficiency of a multiple-wire delta antenna with and without guy wires. 


A, (00-ohm multiple-wire delta antenna supported by a wooden mast, no guy wires used; B, 600-ohm multiple-wire delta antenna supported by a wooden mast 
continuous guy wires used; C, ©, without guy wires; @, with continuous guy wires 


WasHINGTON, October 16, 1950. 
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Heat of Solution of Zinc Oxide in 2 N Hydrochloric Acid 


Richard B. Peppler and Edwin S. Newman 
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The heat of solution of ZnO in 2 N hydrochloric acid was found to vary from 185 to 203 
calories per gram, depending on the proportion of ZnO. For 1 gram of ZnO in 640 grams 
of 2 N hydrochloric acid, the heat of solution was found to be 185 calories per gram, in fair 
agreement with the value? of 196 calories per gram calculated from the published heats 
of formation of ZnO, ZnCl,(aq), and HCl(aq), and the measured heat of mixing of ZnC1,(aq) 


with HCl(aq). 


I. introduction 


Zine oxide has been found to be a convenient 
material for determining the energy equivalent 


heat capacity) of calorimeters that are to be used | 


for the determination of the heats of solution of 
acid-soluble materials [1, 2].'. It has proved to be 
particularly useful in those laboratories that do not 
have the relatively elaborate equipment necessary 
for an electrical calibration. 

In the Federal and in the ASTM specifications for 
measuring the heat of hydration of portland cement, 
(3, 4], zine oxide serves as a standard to determine 
the energy equivalent of the heat-of-solution calormi- 
eter. In the specified procedure, 2 N nitric acid 
solution constitutes 98 percent of the solvent, the 
remaining 2 percent being hydrofluoric acid. The 
experimentally determined heat of solution of ZnO 
in this solvent and the value of the heat of solution 
of ZnO in 2 N nitric acid calculated from available 
heat-of-formation data are in good agreement. 

Some investigators, however, have used hydro- 
chloric acid as a solvent in the determination of the 
heat of solution of portland cement and other 
materials [2, 5,6, 7]. In some investigations of this 
type at this Bureau, zine oxide has been used to 
calibrate the heat-of-solution calorimeters. 

The data presented here show fair agreement with 
the value of the heat of solution of ZnO calculated 
from published heat-of-formation data, when the 
heat of mixing of ZnCl, (aq) with HCl (aq) is 
taken into account. 


II. Apparatus and Reagents 


(ll the determinations were made in a heat-of-so- 
lution colorimeter described previously [11]. The 
energy equivalent of the calorimeter was determined 
electrically. In each experiment, the calorimeter 


charge was 640 ¢ of 2 N hydrocholoric acid (HC1.26.64 | 


HO at 25° C). 


Zine oxide of analytical reagent quality was ground | 


» pass a No. 100 sieve, heated for 1 hour at 900° to 


050° C, and stored in the laboratory in a dark serew- | 


capped bottle. 


For the determination of the heat of dilution of | 


4oCl, in 2 N HCl, an aqueous stock solution of 


ZoCl,, 53.28 H,O was prepared from ZnCl, of analyt- | 


reagent quality and of known moisture content, 


ures in brackets indicate the literature references at the end of this paper 





The calorimeter sample was taken from this aqueous 
solution of ZnCl. 

Ip order to know accurately the temperature of the 
calorimeter sample, in the dilution experiments, the 
ZnCl, solution was kept in a bottle immersed in the 
constant-temperature bath of the calorimeter. The 
pipette with which the sample was transferred to the 
calorimeter was also kept in the bath in a vertical 
brass tube closed at the bottom and _ projecting 
slightly above the water surface. Thus the temper- 
ature of the zine chloride solution was nearly the 
same as that of the bath. As the calorimeter was 
operated so that the final temperature was nearly 
the same as that of the bath, only a small correction 
was Decessary to account for the heat capacity of the 
sample. 

The final temperatures of the calorimeter in the 
heat-of-solution experiments were from 24.5° to 
27.4°C. No attempt was made to correct the heats 


of solution to 25° C, 


III. Results and Discussion 


1. Experimental Measurements 


Determinations were made of the heat of solution 
in 2.00 N HC! of samples of ZnO ranging from 0.1 
to 20 gin weight. Three determinations were made 
with each size of sample (see table 1). The results 
were plotted against sample weight, and a line was 
fitted to the data by the method of least squares 
(fig. 1). The equation of this line was found to be 
(= 184.7+-0.9lz, where Q is the heat of solution in 
calories per gram, and s is the sample weight in grams. 


TaR_e 1. Effect of sample weight on the heat of solution of 


ZnO in 640 grams of 2 N HCI. 


Heat of solution 
2 3 Average 


cal/g cal/g 
184.6 184.8 
Iss. 9 185. 0 
ISS 184.0 
186. 7 187.0 
ISS. 7 187.9 
186. 7 kA 6 
190.7 191.1 
195 194.3 
197 106, 4 
22 203. 3 
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Ficure 1. Effect of sample weight on the heat of solution of 


ZnO in 640 g of 2 N hydrochloric acid. 


The equation of the line is Q=184.7+0.9Lr, where Q is the heat of solution in 
calories per gram, and rz is the weight of the sample in grams. 


A sample of 28 g was dissolved, and a value only 
slightly greater than that of a 20-g sample was 
obtained, indicating that at higher concentrations, 
the curve flattens out. An attempt to determine 
the heat of solution of a 56-g sample failed because 
of the extreme difficulty in measuring the large and 
rapid temperature rise, and because the sample would 
not dissolve completely within a reasonable time, 
that is, 60 min. 

It may be seen in figure 1 that the value of the 
heat of solution of ZnO in 2 N HC| at infinite dilution 
is approximately 185 cal/g: 

The variation of Q with sample weight, as indi- 
cated by the slope of the line in figure 1, is a measure 
of the change in the heat of dilution for a solution of 
zine chloride in hydrochloric acid. The variation 
of Q also includes the heat of dilution of the hydro- 
chloric acid mix resulting from the formation of 
water and the removal of HCI as a consequence of 
the reaction. This heat effect is small relative to 
the dilution of the zine chloride solution, except in 
the case where large samples of zine oxide are used, 
in which cases the proportions of HCl removed and of 
additional H,O added to the final concentration by 
the reaction are significant. 


2. Method of Calculation 


The heat of solution of a l-g sample of ZnO in 640 
g of 2.00 N hydrochloric acid at 25° C may be repre- 
sented by the following over-all reaction 


45.18 
36.46 


594.82 
18.02 H.0 


2 » (594.28 
—si 30) ™ L,( 18.02 


Writing this equation in the customary form based 
on 1 mole of ZnO 


HCl, ZnCl,, 


ZnO (c)+ a a5 


5 38 


45.18 
36.46 


l 
+733) H0+@. 





| acid, as is actually 


ZnO (c) + 100.85( HCI, 26.64 H,O)— 
ZnCl, [98.85 (HCI, 27.19 H,O)|+@ 


Equation 1 may be considered as the sum of t! 
following four equations: 


100.85 (HCI, 26.64 men >98.85 
(HCI, 26.64 H,O) +2 (HCI, 26.64 H,O) +-Q,. 


ZnO (ec) +2 (HCI, 26.64 H,O)— 
ZnCl,, 53.28 H,O+H,0 (/) +Q,. 


ZnC},, 53.28 H,O+-98.85 (HCI, 26.64 H,O)— 
ZnCl, [98.85 (HCI, 27.18 H,O)]+Q,. 


ZnCl, [98.85 (HCI, 27.18 H,O)]+H,0 ()> 
ZnCl, [98.85 (HCI, 27.19 H,O)]+Q,. (6 


The heat of the reaction Q? is the sum of Q,, Q 
Q@;, and Q, and may be calculated if the individual 
heats of reaction are known. The value of Q, is 
zero. The heat of reaction Q, (eq 3), calculated 
from heats of formation [8, 9] is 19.11 keal/mole of 
ZnO at 25° C. 

The value of Q; (eq 4) was found in the heat of 
dilution experiments with ZnCl, to be —3.22+0.0) 
kcal/mole. 

The value of (, (eq 5) was calculated from pub- 
lished data on the heat of dilution of HCI [10), 
assuming that the heat effect of adding 1 mole of 
H,O to a solution of 98.85 moles of HCI and 2,688 
moles of H,O would not be appreciably aflected by 
the presence of 1 mole of ZnCl, in the solution. The 
value of (, was found to be +0.02 keal/mole. 

Thus the heat of reaction Q can be calculated to be 


Q=19.11—3.22+-0.02= + 15.91 keal/mole 
=195.5 eal g ZnO. 


This value differs by 10 cal/g from the value 
determined experimentally. Part of the discrep- 
ancy may lie in the uncertainties in the published 
heat-of-formation data used to calculate Q (eq 3). 

The value of the heat of solution of ZnO in 2 NV 
nitric acid was calculated on the assumption that the 
Zn(NOs). formed is diluted in water, instead of nitric 
the case. This value does not 
differ appreciably from the value determined in this 


_ laboratory in experiments in which ZnO was dis- 
| solved in a mixture of 98 percent of 2 N nitric and 2 


percent of hydrofluoric acids [12]. However, be- 
cause of the large endothermic heat effect of the 


| : . ° 3 e - : 
| dilution of ZnCl, in HCI, a corresponding assumption 
in the case of ZnO dissolving in HCI leads to a great 


discrepancy (100 cal/g) between the value exper- 
mentally determined and the value calculated 


| this manner. 


? The heat of the reaction is considered to be positive if heat is evolved, | 
O=-AH 
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| [2] E. W. Reed-Lewis, private communication. 
IV. Summary | [3] Federal Specifications SS-C-158b for Cements, hydrau- 
. " ; lic; general specifications (May 20, 1946). 
lhe change of the heat of solution of ZnO in 640 £ | [4] Heat of hydration of portland cement, test for; American 
2 N HCI with sample weight was investigated in | _ Society for Testing Materials, designation C186~47. 
ihe range from 0.1 to 20g of ZnO. This relation can | ™! >: ; Ft; dig? * Mac. Larmour, Eng. News-Record, 
be represented by a straight line having a slope of | (6) 1."S. Weils and K. Taylor, J. Research NBS 19, 215 
approximately 1 ecal/g/g and an intercept on the Q | (1937) RP1022. 
axis (Q@ at infinite dilution) of approximately 185 T. Thorvaldsen, J. Am. Chem. Soe. 51, 2678 (1929). 
ealg. For 1 gram of ZnO in 640 g of 2 N hydro 8] F. R. Bichowsky and F. D. Rossini, Phermochemistry of 
chlorie acid, the heat of solution was found to be | chemical substances (Reinhold Publishing Corp., New 
ty : ‘ " : York, N. Y., 1936). 

185 eal/g, in fair agreement with the value of 196 | Selected values of chemical thermodynamic properties, 
eal g calculated from the published heats of forma. | Series 1, Table 31-2 (NBS, Dee. 31, 1948) and Table 
tion of ZnO, ZnCl,(aq), and HCl(aq) and the meas- | _ 10-3 (NBS Mar. 31, 1947). , one 

ar , s . {10] F. D. Rossini, BS J. Research 6, 791 (1931) RP305. 
ured heat of mixing of ZnCl,(aq) with HCl(aq). | [11] E.S. Newman and L. 8. Wells, J. Research NBS 20, 825 

(1938) RP1107. 
| [12] L. Shartsis and E. 8S. Newman, Proc. ASTM 43, 905 
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Bounds for Characteristic Roots of Matrices II 
Olga Taussky 


This is a continuation of an earlier note (Duke 
It deals with bounds for the characteristic roots of matrices with 


pages 1043-44 (1948)). 


Mathematical Journal, volume 15, 


positive (nonnegative) elements, and with bounds for multiple roots. 


This note is a continuation of an earlier one [1].' 
There the position of the characteristic roots of an 
nxn matrix A=(a,) inside or on the boundary of 
the n circles C,; with centers a,; and radii A;= 2 Ay 
was studied. 

In particular, it was shown in [1] that for n=2 the 
common part of the circles cannot contain a root 
unless it is a common boundary point. This fact is 
not true for n >2 as is, for example, shown by the 
matrix 

0 


0 —15 —§ 

—3, —5. The root 0 is con- 
tained in all three circles. It can however be shown 
that an analogue of the situation for n=2 holds if 
further conditions are imposed on the elements a. 

Theorem 1. The dominant root of a matrix of 
positive elements cannot be a common point of all 
n circles C; unless it is a common boundary point of 
at least two of the circles. 

Proof. It is known [2] that the dominant root \ 
of such a matrix is real and positive and that the 
corresponding characteristic vector 7,,--+, 2, can 
be chosen in such a way that all its components are 
positive. Consider then the equation 


which has the roots 0, 


My Lyte + ety — A) Let: + etn Tn Q, (1) 


(A—@ii) 11 = DD Aude. (2) 
kei 
As the right-hand side of (2) is positive, it follows 
that 
A—a,,>0. (3) 


Equation (2) implies that 


(Ady) 4, > A; Minz,. 
kei 


Let \ be an inner point of all circles C;, that is 
A—au< Ay, i=1,---,n. 
It follows from (4) that 


zr, >minz,, j=}, 
kei 


—_——_—_—_—— 


' Figures in brackets indicate the literature references at the end of this paper. 





| This is not possible. Hence \ cannot be an inne: 
point of all C,. Assume then that \ was on the 
boundary of at least one circle C,, say C,, and an in 
ner or boundary point of all othercireles. Then re- 
lation (4) for i=1 implies that 


r,>minz,. 
kel 


mins, 
kel 


Io, (Say) 


and consider relation (4) for i=2. This implies that 


either 


A, and r,>minz, (8) 
k#2 


A— Ax 


A, and r.>minz,. 
ke2 


A—dy< 


However, relations (6), (7), (9) lead to a contradic- 
tion and so (8) holds which means that \ is on the 
boundary of (C,. 

It can be shown that the dominanj root of a ma- 
trix of positive elements can lie inside of n—1 circles 
and outside of one circle without touching the bound- 
aries. The following example of this was commu- 
nicated to the author by A. Ostrowski: 

Define ay (i #k) as arbitrary positive numbers. 
Take \ sufficiently large and positive and define a 
by 
),i>1, 


yy au> 


tei 


rp 
ay, = A—2 Say >O0 


k=2 


au=—5 ay 


It follows that \ is a characteristic root of the matrix 


. _ Al 
(a,,) and that the corresponding vector is(> 1,-+-,1 ). 


Hence } is the dominant root, as the other roots can- 
not have vectors with positive coordinates only {2}. 

Two generalizations of theorem 1 are possible, one 
to matrices with nonnegative elements instead of 
positive ones. These matrices have as one of their 
dominant roots a nonnegative real number, and the 
corresponding vector can be chosen to have non- 
negative components. Hence, all the above argu- 
ments can be repeated, as long as equations (2) do 
not involve any equation of the form 0=0. This 
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could only occur, if the matrix A can be transformed 
to the form 
( 0 


Q 


by the same permutation of the rows and columns 
‘|\} and where P and @ are square matrices, and 0 
consists of zeros. Thus the following theorem holds: 
Theorem 2. Let A be a matrix of nonnegative | 
elements which cannot be transformed to the form 





P 0 
vu Q 

by the same permutation of the rows and ae. 
Then the real dominant root of A cannot be : 
common point of all n circles C,; unless it is a ¢ Arad 
boundary point of at least two of these circles. 

Consider now matrices whose main diagonal 
elements are arbitrary real, but whose off-diagonal, 
elements are positive (nonnegative). It is known 
(3, 4] that such a matrix has as root with largest 
real part a real positive (nonnegative) number and 
the components of the corresponding vectors can 
be chosen to be all positive (nonnegative). It is 
clear that theorems 1 and 2 can be generalized to 
these matrices. 

The remaining two theorems concern multiple | 
roots of general matrices. It is easy to find examples 
of matrices with a multiple root that is contained 
as inner or boundary point in only one circle C;. | 
It can, however, be proved that in this case the | 
rank of the matrix 


(aie —A5y) iS N—1. 


Theorem 3. A characteristic root \ which is an 
inner or boundary point of only one circle C; cannot 
have two independent characteristic vectors corre- 
sponding to it. 

Proof. Assume that \a,,—\|S A, and a4:—A\ > A, 
for i#1. Consider any characteristic vector z;, ..., 
r, Which corresponds to 4. Then the relations 


r,/S A; max 7, 


kei 


Qi:—X 


hold. For i>1 they imply that 


r,o< Max J; 
kei 


Hence 


‘z,,=max s;!> 2, for i>1. 
k 


This eliminates the possibility of a vector y;, ..., Yn 
‘hat corresponds to \ and is independent of z,,.. . 
, because otherwise a linear combination of both 
veetors could be found in which the first component | 
0 and which does not vanish identically. 


Theorem 4. If A has a characteristic root \ of 
multiplicity n—1 and with n—1 independent char- 
acteristic vectors then \ is contained in at least n—1 
circles (; 

Proof. The matrix (a4—5,) has the same vec- 
tors as (a,,) and as roots the numbers u»—A when yu 
runs through all roots of (a,). The circles that 
correspond to the matrix (4,—6,) have the same 
radii as the original ones, but their centers are moved 
from ay, to a;—d. Hence, we may restrict our- 
selves to the case where A\=0. In this case the 
matrix can be transformed to the form 


a 


a 


S J 








by means of a nonsingular matrix 1’ =(u,,). Denote 
by A the determinant |u,! and by U, the cofactor 
ofuy. Itis then easy to see that the original matrix 
(a,)=UXU~ is of the form 


5 


atin U in A oth» Lon A AUN in Y on A 


Otay Un /A athan Uon/A Us, Uy »/A 


Otlen Uin A AUnnl ‘on A cee AU nn Unn A 








. 4 


Assume now that 0 lies outside one of the circles, 
say (;. This implies 


|Ui2|> ; (12) 


, implies that 


= > > Ural; 


k#Fi 


This, however 
From this it follows that 0 lies inside all circles C 
i=2,..., n, which proves the theorem. 


[1] O. 
[2] G. 


Taussky, Bounds for characteristic roots of matrices, 
Duke Math. J. 15, 1043 (1948). 

Frobenius, Uber Matrizen aus positiven elementen, 
Berlin Sitzb. p. 471 (1908) ond 514 (1909); Uber 
Matrizen aus nicht negativen elementen, Berlin Sitzb. 
p. 456 (1912). 

(3) H. Rohrbach, Bemerkungen zu einem determinantensatz, 
Jahresber. Deut. Math. Ver. 40, 49 (1931). 


| [4] Z. Szmydtéwna, Sur les racines caractéristiques et sur les 


directions caractéristiques de certains matrices, Ann. 
Soe. Pol. Math. 22, 235 (1949). 
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Microhardness Tester for Metals at Elevated 
Temperatures 


Abner Brenner 


An apparatus has been devised for measuring the hardness of electrodeposited coatings 


at temperatures up to 900° C in an inert atmosphere. 
The main parts of the apparatus are: 


millimeter (0.003 inch) may be tested. 


Coatings thicker than about 0.07 
(1) The 


indenting mechanism, consisting of a Vicker’s diamond mounted on a shaft of fused silica; 
(2) a mechanical device for raising and lowering the indenter; (3) a micrometer device for 


orienting the specimen under the indenter; (4) the heating unit. 


The force on the indenter 


is varied either by dead-weight loading or by changing the gas pressure inside of the appa- 


ratus. 


I. Introduction 


The hot-hardness of a metal may be an important 
indication of its performance in certain applications 
at elevated temperatures. As a relation usually 
exists between the hardness of a metal and some of 
its other mechanical properties, such as_ tensile 
strength, a measurement of hardness may also be 
useful for obtaining an estimate of those mechanical 
properties that are more difficult to measure. The 
development of a microhardness tester that could be 


used for testing electrodeposits at elevated tempera- | 
tures was undertaken in connection with studies of | 


electrodeposited metals and alloys. 

The hot-hardness of bulk metals has been measured 
by the same methods as those used at room temper- 
ature. These methods utilized a variety of different 


types of indenters to produce indentations in metals | 


by static or dynamic loading. Other methods were 


based on mutual indentation procedures, which in- | 


volved pressing together two cylinders of metal. 
None of these methods will be discussed in detail 


because excellent reviews may be found in the liter- | 


ature |1, 2, 3].!. Of various types of indenters used, 
the only ones suitable for metal coatings are pointed 
diamonds, by means of which a micro-indentation 
may be produced with a small load. Hot-hardness 
testers with diamond indenters have been designed 
by P. Bens [4] and E. C. Bishop and M. Cohen [5] 
for use on bulk metals. However, with these instru- 
ments the high loads customary for bulk materials 
were used in producing the indentations. The pro- 
cedure consisted in placing the heating unit with the 
specimen on the platform of a commercial hardness 
tester and then applying the load on the indenter 
with that instrument. 


The loads ordinarily used in measuring the hardness | 


of bulk metals are too large for use on electrodeposits 
because they result in too deep an indentation, and 
in testing electrodeposits at room temperature so- 
called microhardness testers are used. An ordinary 


hardness tester and a microhardness tester differ | 


mainly in the magnitude of the load applied to the 
indenter. 
both. 


' Figures in brackets indicate the literature references at the end of this paper 





The same type of indenter is used for | 
Whereas in a Vickers machine the load is | 


Some typical measurements made with the apparatus are given. 


usually of the order of 10 kg, in a microtester, the 
load will range from 25 to 1,000 g. Low loads are 
particularly necessary in testing hardness at elevated 
temperatures because metals are considerably softer 
than at room temperature. 

The following example will illustrate the require- 
ment of a low load in the measurement of electro- 
deposits. A metal that is quite hard at room tem- 
perature may have a hardness of only 50 Vickers at 
an elevated temperature. The impression made with. 
the usual 10 kg-load would have a depth of about 
0.087 mm (0.0035 in.). As it is usually considered 
that the thickness of a coating should be at least 10 
times the depth of the indentation to obviate any 
effect of the basis metal, the coating would have to 
be about 0.87 mm (0.035 in.) thick for a satisfactory 
measurement. If a load of 200 g were used, the 
depth of the impression would be only 0.012 mm 
(0.0005 in.). Thus the coating need be only 0.12 
mm (0.005 in.) thick. An indentation made with 
a 10 kg-load would have almost penetrated a coating 
of this thickness. 


II. Design of the Microhardness Tester 


The apparatus of Bens and that of Bishop and 
Cohen were not suitable for measuring the hot-hard- 
ness of electrodeposits, because of the high loads 
used. Some measurements were made by Bens on 
electro deposits produced in this Bureau; but these 
deposits were fairly thick, and it is not certain that 
the effect of the basis metal was obviated. The hot- 
hardness tester described in this report followed to 
some extent the designs of Bens and of Bishop and 
Cohen. Two difficulties are involved in adapting 
microhardness testing to elevated temperatures 
(1) A closed system with an inert atmosphere must 
be used to prevent oxidation of the specimens. If 
the specimen were allowed to oxidize, the thickness 
of the oxide film might be comparable to the depth 
of the indentation produced with a light load, and 
the hardness of the film might be quite different from 
that of the metal. Also, oxidation occurring after 
a microindentation had been made would obliterate 
the impression. (2) In order that a light load may 
be applied accurately, the shaft carrying the indenter 
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ist move in a bearing with very little friction. | mechanism, indenter, and furnace all built into one 


ere must be no galling of the bearing at the ele- 

ied temperatures. Since a closed system must be 

d to prevent entrance of air, the clearance between 
the rod and the bearing must be small. 

Bishop and Cohen maintained an inert atmosphere 
in their apparatus. The shaft carrying the indenter 
was connected to an annular oil seal. This type of 
construction is unsuitable for a microhardness tester 
for several reasons: Small variations in gas pressure 
would cause large variations in the load on the in- 
denter; the apparatus could not be evacuated for the 
initial removal of air; the horizontal position of the 
indenter is not fixed; and cumbersome cooling coils 
must be used to chill the oil. 
uated apparatus, and the shaft of the indenter 
moved in a closely fitting bearing, lubricated with oil 
to hold the vacuum. This latter arrangement would 
not be suitable with the type of apparatus designed 
at this Bureau, as the bearing became too hot to be 
lubricated with oil. Also a vacuum was out of the 
question, as the atmospheric pressure alone would 
have imposed a load of about 500 g on the indenter. 

The problems referred to were met by using in the 
tester an inert atmosphere slightly above atmospheric 
pressure. The indenter shaft was a capillary of fused 
silica, which moved in a dry bearing lubricated with 
graphite. The clearance between the shaft and the 
bearing was about 0.001 in., and gas escaped slowly 
through this space during the test. The friction of 


the shaft in the bearing was equivalent to 1 or 2 ¢ 
at room temperature and was probably less at ele- 
vated temperatures, as the clearance between the 
bearing and the indenter shaft increased. 


Figure | 
shows the details of the construction of the indenter 
assembly. The indenter fitting, B, was attached to 
a tungsten rod, A, which passed up through the capil- 
larv, G, and was held by a collar and set screw, C. 
A spring arrangement was provided to hold the tungs- 
ten rod under continuous tension and thus allow for 
its lengthening due to thermal expansion. This in- 
direct method of securing the indenter to the shaft 
was necessary because a fused silica rod could not be 
anchored directly to the indenter fitting. A few 
trials were made to cement a silica rod in the cup of 
the fitting by using molten potassium bisulphate. 
Although the rod was satisfactorily anchored on two 
occasions, after 1 or 2 weeks the rod cracked just 
above the top of the cup. 

lt might be of interest to note two other methods 
of mounting the indenter that were tried without 
A stainless steel shaft was first tried, and 
although it operated well at room temperature, it 
would gall and seize at elevated temperatures. A 
sapphire rod 3 mm ('s in.) in diameter was also tried 
as an indenter shaft, but it was found to be too sensi- 
tive to thermal shock, and cracked. 

The complete setup used for measuring hot hard- 
hess is shown in figure 2. A sketch of the cross sec- 
tion of the hardness tester in figure 3 shows the rela- 
tion of the working parts. 
tion of the important parts are shown in figures 1, 4, 
The tester is self-contained with the loading 


success. 


and 5, 


| 


| briefly. 


Bens used an evac- 





The details of construc- | 


compact unit. The load is applied to the indenter 
by dead-weight loading. 

The main parts of the tester will now be described 
The muffle, before being wound with re- 
sistance wire, is shown in figure 4. It was made by 
welding heavy walled stainless steel pipes together. 
The anvil was a solid piece of stainless steel welded 
in tube A. It is provided with a small hole extend- 
ing to within 3 mm (‘ in.) of the upper surface to 
accommodate a thermocouple. The flange, B, was 
bolted to the top plate of the tester with a silver 
gasket inbetween to make the apparatus gas tight. 
A dovghnut-shaped disk of insulating brick was 
placed in the space within the flange to decrease the 
heat transfer to the top plate of the tester. To pro- 
vide uniformity of heating, the muffle unit was 
wound on all four limbs with a continuous length 
of No. 16 Nichrome wire on an Alundum form. The 
space between the furnace unit and the main shell 
was filled with insulation. By making the muffle as- 
sembly a single welded unit, and by supporting it 
from a single point, the relative motion between 
various parts resulting from thermal expansion was 
minimized. 

The indenter assembly was raised and lowered at 
the rate of 2 em (0.75 in.) per minute by a sma.i motor 
that operated a simple screw mechanism similar to 
that used on the compound rest of a lathe. The 
vibration of the motor was damped by a mounting 
of rubber shock absorbers, and no difficulties were 
encountered from this source. The disk, E, figure 1, 
supporting the indenter assembly, rested on two 
pieces of rubber tubing, which served to make the 
application of the load more gradual when the sup- 
porting frame was lowered away from the assembly. 

The indenter assembly weighed about 200 g. 
This was the maximum load applied in the tests, al- 
though larger loads could be applied by placing 
doughnut-shaped weights on the top of the indenter 
assembly. Usually lower loads were used at elevated 
temperatures. These were obtained by increasing 
the gas pressure in the tester above atmospheric. 
Each centimeter of mercury was equivalent to a de- 
crease of 7 g in the load applied to the indenter. The 
smallest load used in the tests was about 30 g. 

The assembly for holding and moving the speci- 
mens is shown in figure 5. The specimens measure 
6 by 6 by 12 mm (0.25 by 0.25 by 0.5 in.) and are 
polished by metallographic procedures. Six speci- 
mens may be indented in one heat. They fit into 
the carriage, B, which slides in a keyway on the inside 
of the muffle. The carriage is moved along by a 
stainless steel micrometer screw, which has been 
plated with cobalt-tungsten alloy to prevent seizing 
at elevated temperatures. The micrometer serves 
to locate an indentation within about 0.2 mm 
(0.008 in.) of a desired spot. 

Because the indentations are microscopic in size, 
they are difficult to locate in the small field of a 
microscope when making the subsequent measure- 
ments of diagonals. For this reason a fitting (D, 
fig. 5) was designed to hold the carriage in a definite 
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position on the moving microscope stage. By setting 
the microscope stage at the same reading as that on 
the micrometer when the indentation was made, the 
impression appeared in the field. 

The temperature of the furnace was measured by 
a thermocouple that was placed in the cavity ex- 
tending up through the anvil. In preliminary check- 
ing the temperature within the muffle was measured 
also with a thermocouple inserted through the top 
bearing of the tester. The two thermocouples 
agreed within about 5 or 10 deg. centigrade. The 
temperature was automatically controlled by a com- 
mercial pyrometer. 

In addition to its use for measuring the hot 
hardness of electrodeposits, the microhardness tester 
may be used for testing bulk metals and has several 
advantages over the two instruments on which it 
was based. 

1. It is a self-contained instrument, and incor- 
porates within one unit both the furnace and the 
device for loading the indenter. 

2. Six specimens may be tested in one heating 
cycle. 

3. The micrometer screw permits indentation to 
be made at specified points and enables them subse- 
quently to be readily located in the microscopic 
field. 

4. The small loads are less likely to cause the 
diamond to shift in its mounting (usually consisting 
of mone! metal) when measurements are made at 
very high temperatures. 


III. Procedure for Making Measurements 


The first step in using the hot-hardness tester, 
after placing the specimens in the instrument, was to 
evacuate the apparatus and then flush with hydrogen. 
Nitrogen or argon could also be used. Before turn- 
ing the current on the furnace, the atmosphere in 
the apparatus was tested by heating the fused silica 
tube, G, figure 2, which contained a strip of bright 
steel. If the steel remained bright on heating and 
cooling, the tester was heated. 

The gas was passed over heated copper (B, fig. 2) 
to remove oxygen, and then through a drying tube, 
before reaching the furnace. The flow of gas was 


measured with a flow meter, A, and was of the order | 


of 60 ml/min, under a pressure of from 3 to 25 em 
of mercury. The tester was kept under a positive 
pressure of gas during the heating, both to regulate 
the load on the indenter and to prevent the entrance 
of air, as the apparatus was not vaccum tight. 

The pressure in the apparatus was kept constant 
without difficulty by regulating the needle valve on 
the gas tank and the needle valve, J, figure 2, on the 
exit end of the system. 

After the heat was turned on the furnace heated 
up rapidly. About 10 min were required to reach 
a temperature of 600° C and about 15 min additional 
were required to reach a temperature of 800°C. The 
furnace was held at any one temperature for about 
15 min before making indentations. At each tem- 





perature a set of three indentations were made abou 
0.01 in. apart, according to preselected micromet; 
settings. Along with each set of specimens, a moly} 
denum specimen was used as a check on the precisio 
of the run. The apparatus has been used at 900 
C, but most of the data were obtained at a maximu: 
temperature of 800° C. 

The accuracy of the hot-hardness tester could } 
determined only at room temperature. This was 
done by comparing with a standard type of miero- 
hardness tester. Measurements were made with the 
bot-hardness tester on a variety of different types of 
specimens, which were then measured with an Eber- 
bach microhardness tester. The agreement of the 
results, on an average, was within 4 percent. 

The reproducibility of the instrument was deter- 
mined by measurements on a molybenum specimen. 
In four runs, coverirg the range of room tempera- 
ture, 400°, 600°, and 800° C, the average deviation 
from the mean hardness at each temperature was 
less than 4 percent. Because of the reproducibility 
of its hardness, the molybdenum specimen was used 
as a check on the proper functioning of the hardness 
tester, and a molybdenum specimen was included 
along with each set of test specimens. 


IV. Measurements 


Some of the data obtained with the hot-hardness 
tester, chiefly on electrodeposits, are shown in figures 
6, 7, and 8. These data are given to illustrate the 
use of the instrument and are not presented as part 
of a systematic investigation of the hot-hardness of 
metals. Figure 6 shows that soft chromium and 
hard chromium are about equally soft above 600° C. 
At 800° C. the hardness of both has dropped to about 
100 Vickers, as compared with the high initial values 
of 600 and 1,000 Vickers. 

It will be noted that chromium and nickel become 
permanently softened as a result of the heat treat- 
ment, that is, on cooling to room temperature the 
hardness is lower than initially. In contrast to this, 
cobalt and cobalt alloys, figures 7 and 8, regain a 
large part of their initial hardness on cooling, or 
may even increase in hardness, provided that the 
maximum temperature has not been excessive. The 
maintenance or increase in hardness of a metal after 
heat treatment cannot be considered as evidence of 
good hot-hardness. This is demonstrated particu- 
larly well by the data on the cobalt phosphorus 
alloys, figure 7, which have a hardness of only 5 
Vickers at 800° C. but which become harder than 
initially after cooling. 

The hot-hardness of the cobalt-tungsten alloys, 
figure 8, appears to increase with their tungsten con- 
tent. The alloy containing 31 percent of tungsten 
is outstanding in hot-hardness. At 800° C. it is as 
hard as cobalt is at room temperature. Unfortu- 
nately, the higher the tungsten content, the more 
difficult the alloys are to deposit, and the more likel) 
they are to be excessively brittle and to crack on 
heating, especially when deposited on a steel base. 
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Figure 1. IJndenter assembly for hot-hardness tester. 


4, Tungsten rod, 2-mm diameter; B, stainless steel adapter for Vicker’s indenter 
H; C, collar with set screw; D, chuck for gripping silica capillary, G; E, nut for 
tightening chuck; F, bearing for silica capillary; G, silica capillary, approxi- 


mately 8 mm in diamter and approximately 2 cm long. ;URE 3. Schematic cross section of hot-hardness lester. 
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Figure 2. Hot-hardness tester and auxiliary equipment. 


\, Flowmeter; B, apparatus for removing oxygen with hot copper; C, drying 
tube for gas; D, pyrometer and automatic temperature conanelee: E, manom- 
eter; F, hot-hardness tester; G, transparent silica tube, containing bright steel 
strip for testing purity of gas; H, open end mercury manometer; J, needle 

ilve at exit of system 


icuRE 4. Stainless steel mufile before being wound with 
heating element. 


A, Anvil; B, flange for bolting to top plate of outside shell. 





A, Specimen 





Ficure 5. Devices for holding and moving lest specimens. 


B, carriage, 13.3 em long; C, micrometer screw, plated with cobalttungsten alloy; D, fitting for orienting carriage on moving microscope stag« 


Ficure 6. Hot-hardness of electrodeposited chromium and 
nickel and bulk copper. 


Cr-l, Ordinary bright chromium, deposited from bath containing CrO,, 2 
g/liter; HySO, 2.5 g/liter; current density 20 anmp*/dm? at 50°C, Cr-2, 
chromium deposited from same bath as Cr-1 but at 85°C and SOamp/dm’?. N 
Nickel‘deposited from an all-chloride bath, molar in nickel chloride and ( 
molar in boric acid at 5 amp/dm? and a temperature of 55°C. Cu, Specime 
prepared from a commercial bar of copper 
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Ficure 8. Hot-hardness of electrodeposited cobalt-tungsten 

alloys and of bulk molybdenum. 

Co-W, Cobalt-tungsten alloy containing about 31 percent of tungsten; Co-W, 2 
cobalt-tungsten alloy containing about 15 percent of tungsten; Co-W, 3, cobalt 
tungsten alloy containing about 8 percent of tungs*en; Mo, commercial spe 
men of molydenum bar 


Ficure 7. Hot-hardness of electrodeposited cobalt and cobal! 
phosphorus alloys. 


Co-P, 1, Cobalt-phosphorus alloy containing about 9 percent of phosphoru 
Co-p, 2, cobalt-phosphorus alloy containing about 1 percent of phosphoru 


Co, cobalt deposited from a cobalt-chloride solution, molar in cobalt 
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Mechanisms for the Mutarotation and Hydrolysis of the 
Glycosylamines and the Mutarotation of the Sugars 


Horace S. Isbell and Harriet L. Frush 


A study has been made of the kinetics of the mutarotation and hydrolysis reactions of 


L-arabinosy lamin 


of the glycosylamines to hydrolysis in a limited pH range. 


and a mechanism has been devised to account for the striking sensitivity 


The concepts presented seem 


applicable for the interpretation of the reactions of other compounds of the aldehyde 


ammonia type. 


I. Introduction 


In the development of methods for the preparation 
of the amides of uronic acids [1] ' it became necessary 
to determine conditions whereby the amino group 
of a l-amino-uronic amide could be hydrolyzed 
without alteration of the amide group. It was 
found that the rate of hydrolysis of the amino group 
of l-aminomannuronic amide (I) is extraordinarily 
sensitive to the acidity of the reaction medium. 
Thus, when the compound is mixed quickly with 
one equivalent of a strong acid, hydrolysis requires 
a period of many hours, but when the acid is added 
dropwise to the compound in solution, hydrolysis is 
complete in 15 min or less. Further study showed 
that l-aminomannuronic amide surprisingly 
stable both to strong acid and to alkali, and that 
hydrolysis can be effected rapidly only in the pH 
range 4 to 7. Because of the presence of the hy- 
drolyzable amide group in 1l-aminomannuronic 
amide, the study of the hydrolysis was directed to 


Is 


the l-aminosugars, more properly designated gly- 


cosylamines. 

Exploratory experiments with glucosylamine, 
galactosylamine, and arabinosylamine showed that 
the glycosylamines in general possess the peculiar 
sensitivity to hydrolysis in a limited pH range that 
had been noted for l-aminomannuronie amide [2]. 
In this paper, the mutarotation and hydrotysis of 
L-arabinosylamine are considered in detail. 
nisms for the mutarotation of the sugars, comparable 
to those for the mutarotation of the glvcosylamines, 
correlate the properties of the two groups of sub- 
stances and account for the over-all rate of mutaro- 
tation of both the glycosylamines and the sugars as 
a function of pH. 


OH OH 


C—C+_CH-NH, 
NH, OH H H 
Oo 


1-Aminomannuronic amide 


' Figures in brackets indicate the literature references at the end of this paper. 


OH OH H 
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H H 


CH-NH, 
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L-Arabinosylamine 


OAc OAc H 


CH-NH-Ae 


Tetraacet yl-L-arabinosylamine 


OH OH H 


H,C—C Cc Cc CH-NH-Ae 


H H OH 
O 


N-Acetyl-L-arabinosylamine 


II. Structure and Chemical Properties of 


Mecha- | 


L-Arabinosylamine 


L-arabinosylamine (Il) was prepared by treating 
L-arabinose in methanol with ammonia essentially by 
the method of de Bruyn and Van Leent [3]. Acetyla- 
tion of the compound with acetic anhydride and 
pyridine yielded a new tetraacetate (II]). Catalytic 
deacetylation of this substance with barium methy- 
late in methanol gave a crystalline N-acetyl-1- 
arabinosylamine.? The latter substance was found 
to react quickly with 2 moles of sodium periodate, as 
required for an N-acetylpentosylamine having the 
pyranose structure IV. Since acetylation and de- 
acetylation were carried out by mild reactions that 


_ ordinarily cause no change in ring structure, the 
original L-arabinosylamine and its tetraacetate are 


tentatively classified as pyranoses. 
In a slow titration of L-arabinosylamine, one 
equivalent of acid was required for neutralization 


? This compound is analogous to the N-acetyl-p-glucosylamine prepared b 
Brig! and Keppler [4] and shown by Niemann and Hays [5) to be a pyranos¢ 
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Figure 1. Titration of t-arabinosylamine with acid. 


lig. 1). Separation of crystalline L-arabinose in 
nearly quantitative yield from the mixture after 
titration established the fact that this treatment with 
dilute acid had caused hydrolysis of the glycosyla- 
mine and formation of the free sugar. 

When dissolved in water, L-arabinosylamine under- 
goes spontaneous changes that give rise to a decrease 
in optical rotation and then to an increase. The 
changes can be ascribed principally to a mutarota- 
tion reaction that establishes equilibrium between 
the various modifications of the glycosylamine, and 
hydrolysis of the amino group.’ The relative rates 
of the two reactions vary with experimental condi- 
tions (fig. 2). Thus, when L-arabinosylamine is 
dissolved in strong acid, the optical rotation drops 
almost at once to about + 69°, and then increases 
slowly over a period of several weeks (curve 1). 
However, if it is dissolved in weak acid, for example 
in water saturated with carbon dioxide, the optical 
rotation drops immediately to about +70° and then 
increases rapidly to + 105° (curve I1). In a weakly 
alkaline solution prepared by dissolving the sub- 
stance in carbon dioxide-free water, the specific 
rotation decreases in the course of a few hours from 
~86° to a minimum, and then slowly rises (curve 
Ill). In strong alkali there is almost no change 
(curve IV). 

These qualitative observations may be summa- 
rized as follows: 


Mutarotation 


; Hydrolysis reaction 
reaction : ‘ 


Solution 


Very rapid Slow. 

Rapid, but meas- 
urable. 

Rapid, but meas- Slow. 
urable. 

Strongly alkaline Slow Do. 


Strongly acid 
Weakly acid do 


Weakly alkaline 


To obtain quantitative data as to the effect of the 
oxonium ion concentration, samples of L-arabinosyl- 


rhe process appears to be complicated under some conditions by the formation 
the diglycosylamine, and possibly by other reactions that depend on the 
ence of an intermediate imine cation. See page 142. 








amine were treated with acids and bases in solutions 
buffered at various pH values, and the ensuing 
reactions were followed by optical rotation. Al- 
though the mutarotation and hydrolysis reactions of 
L-arabinosylamine take place simultaneously, they 
can be studied separately because their rates at a 
given pH value differ widely, and because the change 
in optical rotation accompanying each of the two 
reactions is large. For study, the change in optical 
rotation was considered to consist of two periods: a 
short period beginning at zero time and character- 
ized by a decrease in dextrorotation; and a long 
period beginning when the initial change was com- 
plete, characterized by an increase in dextrorotation 
and extending until the optical rotation reached a 
value corresponding to complete hydrolysis (+ 105.2°). 
The rate of the mutarotation reaction was obtained 
from the data for the first period and the rate of the 
hydrolysis reaction from the data for the second 
period. Suitable data were obtained for the mutaro- 
tation reaction in alkaline solutions, in which the 
hydrolysis is extremely slow, and for the hydrolysis 
reaction in weakly alkaline or acid solutions, in which 
the mutarotation reaction is almost instantaneous. 
Satisfactory rate constants for the mutarotation of 
L-arabinosylamine were obtained in the pH range 7.8 
to 12 by application of the customary formula * for 
a first-order reaction to the data of table 1. Table 2 
gives the mutarotation constants that were obtained 
for a series of experiments used to evaluate the 
catalytic effects of the oxonium, hydroxyl, and am- 
moniumions. The dotted curve of figure 3 represents 
these mutarotation constants corrected for the cata- 
lytic effect of the ammonium ion. The results 
clearly show that the mutarotation of L-arabino- 
sylamine is strongly catalyzed by acids but not ap- 
preciably by bases... The mutarotation differs from 


SPECIFIC ROTATION 


Oo 4 8 12 6 20 24 28 32 36 40 44 48 52 56 
TIME , HOURS 


Figure 2. Mutarotation of L-arabionsylamine. 
I, In 2.5 N HCI; II, in CO p-saturated water; III, in COp-free water; LV, in 0.01 
V NaOH 


‘The first-order formula is applicable if the concentrations of the acid and base 
catalysts are held constant 

5 However, unpublished work has shown that the mutarotation of a-p-galacto 
sylamine is weakly but definitely catalyzed by bases 
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the mutarotations of the sugars in that the latter are TaBLe 1. Mutarotation and hydrolysis measurements—Cor 


b4 ‘yr 

catalyzed by bases more strongly than by acids. The | 0.5 ¢ of t-arabinosylamine dissolved in sufficient acid, base, or buffer to giv 

reason for this difference will be considered in the volume of 25 ml. Solvents are listed opposite experiment numbers. 
next section. 
Mutarotation con- Hydrolysis rate 
stant,* constant,® Kn ydr 
Ty—tm 1 Tal. 
log = log 
ee 


“h-hh Ty—te| | at 


Time 2» 
(minutes) lal pH 


TaBLe 1. Mutarotation and hydrolysis measurements Km 


ty z 


0.5 g of L-arabinosylamine dissolved in sufficient acid, base, or buffer to give a > - > 
} é r , base, . “nt 7 ' . » ' oO 
volume of 25 ml. Solvents are listed opposite experiment numbers. Experiment 7.1 volume of 1 M KH;PO,4+1 volume of 1 N NaOH, pH 104 


+824 
Mutarotation con- Hydrolysis rate : 81.5 0.019 
stant,* constant,* Knydeot 5 80.4 021 
, 1 Tile 1 , Tt—Te | : 76.4 . 026 
a= log = ~ log 7 74.7 025 
fyo— —— Poa a= - 
2th lig—Tm fs—t) lig—l oe 70.3 
» (69. 0) 


Time 


(minutes) la) p 


Experiment 1. 0.01 N NaOH 


0. 023 


Tes. 4 +72.2 

>. . 

. 4 { fi 4 
1 0. 00034 F ~ 6 . 00008 

86.0 00040 m4 

2 . ; 85.1 00005 

a1 00081 408.2 

82.7 : 00040 | - : 

77.6 = 
(69.0) Avg 0. 00007 


0. 00036 Experiment 8.1 volume of 1 N NajgCO;+1 volume of 1 N NaHCOy,, pH 9.4 


Experiment 2. 0.1 N HC]1+NHz, to pH 10.5 

0. 060 
063 
061 


+85. 0 
055 


s4.2 0. 0017 

82.2 oo14 

79.6 OO15 | > (69. 0) 

75.5 0013 

70.3 

(69.0 

+74.5 

78.1 0. 000056 
82.6 000056 
43 9. 000043 

4 (105. 2) 


Ave 0. 0015 


Experiment 3. 2.5 N HC1+NH; to pH 10.5 
Ave 0. 000051 


0. 025 | Experiment 9. 1 volume of 1 N NarC O;+10 volumes of 1 N NaHC Oy, pH 8.6 
026 
027 
026 , +75 


0. 026 , 
70.4 
» (69.0) 


Experiment 4. 0.1 N HCI+NH; to pH 8.0 
0. 106 


0. 000077 

). 02 1 4 
= 3s 000069 
019 3. 6 % 000051 


0. 022 Ave 0. 000066 
: =a Experiment 10. 10 volumes of 1 M KH2PO;+7 volumes of 1 N NaOH 
Experiment 5. 1 N HCIl+NH;, to pH 8.0 diluted to 20 volumes, pH 7.0 


+S1.5 
75.6 0. 057 
74.0 : OSH 
70.7 056 
69.0 


0. 023 
O18 
O16 


Ave 0 056 Avg 0. 019 


eT cee HC o. Experiment 11. 2 volumes of 1 M KH:PO«+1 volume of 1N NaOH 
Experiment 6. 1 N HC1+NHy, to pH 7.5 diluted to 4 volumes, pH 6.6 


1.3 +73.9 

6.6 84.0 0. 083 
10.0 87.4 029 
19.9 93.6 . 024 
110.0 104.3 


0. 029 





BLE 1. Mutarotation and hydrolysis measurements—Con. | TaBLe 1. Mutarotation and hydrolysis measurements—Con. 


of L-arabinosylamine dissolved in sufficient acid, base, or buffer to give a | 0.5 g of L-arabinosylamine dissolved in sufficient acid, base, or buffer to give a 
volume of 25 ml. Solvents are listed opposite experiment numbers. | volume of 25 ml. Solvents are listed opposite experiment numbers 


| 
Mutarotation con- Hydrolysis rate Mutarotation con- Hydrolysis rate 
pH stant,* constant,* Knydrot Time " stant,* constant,*Kbydrot 
2 
ka=—!_ tog og ee (minutes) lalp pH in ee rye l ry—Te 
-—— og - = og a= log = log 
ah lig—Tm th Tig—Te tht Tig—Tm tt r 


rime fa] 2° 
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xperiment 12. 5 volumes of 1 M KH2PO«+1 volume of 1 N NaOH 


diluted to 10 volumes, pH 5.9 Experiment 19. 1 N oxalie acid, pH 0.8 


1.4 +77. 1 | ! 

4.1 80.5 0. O57 72. 000074 
9.6 94.2 . 4 | , 00008 1 
11.3 96. 0 . 054 5 Q00087 
60.0 108. 9 


Avg 0). 055 Avg 00008 1 


Fxperiment 13. 10 volumes of 1 M KH)PO4+1 volume of 1 N NaOH Experiment 20. 2.5 N HCl 
diluted to 20 volumes, pH 5.5 | 
«+0 
° 69.4 
70 
7h: 0000046 
0000047 


Avg Avg (00000047 


Experiment 14. 5 volumes of 1 N acetic acid+3 volumes of 1 N NaOH * Symbols are defined in section VII, 5 » Postulated equilibrium value 


diluted to 10 volumes, pH 4.7 e See page 144. 4 Postulated final value ¢ Value not used in calculations, 


169.4 TABLE 2. Mutarotation constants of .t-arabinosylamine at 
100. 1 5 0. 108 20° C 
101.6 . 105 
102. 5 11 
104. 2 km Cor: 
my) fon) an 
Ave 0. 108 


74x 1. #xK10- 0.004 0.0004 
Experiment 15. 5 volumes of 1 N acetic acid+2 volumes of 1 N NaOH ‘ r 3. 16x10 $ 16x10 OOLS O00 
diluted to 10 volumes, pH 4.4 | d : 3. 16K 10 3. 16K 10 2.5 026 ool 
3. 16K 10-% 3. 1610 022 021 
6. 31<10-* 1. 58X10 1¢ O56 On 
58x 10-5 6. 31K10"° 0 117 107 
0. 095 
. 108 | 
110 | * Mutarotation constant, k», was corrected for the catalytic effect of ammo- 
118 nium ion. See page 139. 


~~. 108 III. Mechanisms for the Mutarotation Reac- 
tions of the Sugars and the Glycosylamines 
Experiment 16. 1 volume of 5.14 N acetic acid+1 volume of 1 N NaOH, 


pH 3.9 A satisfactory mechanism for the mutarotation of 
both the sugars and the glycosylamines must lead to 
aan an accurate expression for the rate of mutarotation 
“069 / as a function of the acid and base catalysts present. 
—_ Years ago Hudson showed that the mutarotation 
constants for the sugars in the presence of strong 
acids and bases can be represented by the following 

empirical equation [6]: 
km=ku,ot+ knl{H*]+koulOH"], (1) 
aaa: where ku,0, ky, and kon are constants characteristic 
047 _ of the particular sugar, and [H*] and [OH™] represent 
the concentraticns of the oxonium and hydroxyl ions, 
respectively. More recently it has been established 
that the reaction is subject to general acid and base 
«periment 18. 10 volumes of 5.14 N acetic acid +1 volume of 1 N NaOH, | catalysis, and consequently the expression has been 
pH 27 extended to include terms accounting for the cata- 
lytic effect of undissociated acids, anions of weak 
a acids and cations of weak bases [7]. Thus eq 1 is 

- 021 replaced by eq 2: 


. 021 
k= ku.o r ky(H : J + 


Avg 


Avg 


Experiment 17. 2 volumes of 5.14 N acetic acid+1 volume of 1 N NaOH, 
pH 3.5 


Avg 0. 047 


0. 021 


konlOH-] .. . + 3234,(HA)+324B,], 2) 
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in which HA signifies any hydrogen acid, neutral or | mutarotation of tetramethylglucose is negligible 
ionic, and B signifies any base, neutral or ionic. | either cresol or pyridine, but rapid in a mixture 

Although several mechanisms have been advanced | the two solvents * Lowry [10] advanced a mechanis 
for the mutarotation reaction, no single mechanism | that involves the addition of a proton at one point \) 
accounts for all of the experimental facts. To | the sugar molecule and simultaneous elimination of 4 
account for certain results with acid and base | proton at another point. The process may he 
catalysts, including the observation [8] that the | represented in the following manner:’ 





HCOH HC—OHB HC=0 
IN My | 
(HO.HC),0+B+HA@=(HO.HC),OHAS(HO.HC),+HBt+A 
ee i —C —COH 


/ ! 


This mechanism would give rise to a third-order | reaction, expecially in amphoteric solvents. Certain 
term in the rate expression [11], but as pointed out | experimental facts, however, may be explained more 
by Swain [12], this is not detectible because of the | satisfactorily by separate acid- and base-catalyzed 
relative magnitude of the terms, and hence the rate | mechanisms, and such mechanisms have come to be 
constant on the basis of this mechanism can be | quite generally accepted. It seems probable that 
represented within the experimental error by eq 1. | they act concomitantly with Lowry’s mechanism, 
The simplicity of the mechanism makes it most | and that the extent to which each mechanism is 
attractive for interpretation of the mutarotation | effective is determined by the experimental conditions. 


Acid-catalyzed mechanisms 


HCOH HCOH HC=OH* HOCH HOCH 
. } 2 k k \ 


k 
R O+HA @ R OHA R z= R OHA R O4 
' ks i. ik 


c C * __COHA C 
| ) 
tl 


all open-chain forms 


HCNH, HCNH, HC=NH; H,NCH H,.NCH 
ky ky ky . k ~*~, 
R O+HA = R OHA? R = R OHA @ R O+4 
k 1 k 2 k y k 


C oO COHA C C 


* 


ly 


all open-chain forms 


HCOH HCO HC—O OCH OCH HOCH 
R O+4 +HBe R OHBiz@ R } R OHB{|z= O+HBe R O+B 


C : Cc —COH 4 —C —C 
| 


! 


(‘“‘Base-catalyzed”’ mechanism of [14]) 


————— — 
3 3 ; ? >» . : oq 2 s represented in a generic fashion © 
‘ +, § ‘ Stacey [9 » recently served that the Although the mechanism of eq 2 was represe 

Gna, Dette, mm, and Stacey (Hj have cesently chemved € - respect to 1A and B, in eq 3 and succeeding mechanisms charges have | 
a- and @-tetraacetates of N-phenylglucosylamine are extremely stable in dry indicated for clarity. Nevertheless, the mechanisms may be regarded as get 


pyridine, but mutarotate to an equilibrium value on addition of a drop of water Thus, if B in eq 6a is a neutral substance, then HB becomes H Bt, 
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Base-catalyzed mechanisms 


HCOHB HC=0O HOCH 
ky | 


HCOH 

\ 2 ks 4 \ 

R O+B Cc = 6S R O+B- 
4 k k 5 


—C c , As. -C 


tt 


all open-chain forms 


BHOCH 


HCNH, HCNH,B- 
i ke 


HC=NH 
% | 
R O+B R O = R 


BH,NCH 
ky sé 
+HB = 
® ky; 
Cc —C —CO 


\* 


+ 
all open-chain forms 


HCOHB-) HCO BHOCH HOCH HOCH 
+HB= R- 3 


1\ ‘ \ \ 

R O+HB= R OH++B-2| R OH+]O R OH+] = R ‘OH*+B- @ R “O+HB 
COH —C’ 0 —C’ 

(7) 


(‘‘Acid-catalyzed’’ mechanism of [14]) 


HCOH HCOH 


=. Cc —& 


In eq 4 and 6 there are proposed acid- and base- 
catalyzed mechanisms that we believe represent 
reasonable courses for the mutarotation of the sugars 
and the glycosylamines. These mechanisms differ 
in certain respects from the mechanisms commonly 
accepted. 

The acid-catalyzed mechanism presented here for 
the mutarotation of the sugars (eq 4a) begins with 
the addition of an acid catalyst to the ring oxygen. 
This is followed by rupture of the ring through an 
electron shift in which a lone electron pair of the 
glycosyl oxygen facilitates release of electrons to the 
ring oxygen. The product quickly establishes equi- 
librium with all species of the open-chain modifica- 
tion. Cyclization can then proceed through com- 
bination of carbon 1 with the oxygen of either carbon 
4or carbon 5. This gives rise to the alpha and beta 
furanoses and pyranoses in equilibrium proportions. 

The acid-catalyzed mutarotation of the glycosyl- 
amines is formulated in similar manner, as shown 
ineq 4b. In this case, a shift of a lone electron pair 
of the amino nitrogen results in the formation of the 
imonium ion —C=NH,*. Reaction of carbon 1 of 


the imonium ion with the oxygen of carbon 4 or 
carbon 5 produces the various ring isomers. <A 
mechanism of this type will account for the striking 
sensitivity of the mutarotation of the glycosylamines 
to acid catalysts. 

A base-catalyzed mechanism for the mutarotation 





o! the sugars may be represented as shown in eq 6a. 
(ombination of the base with the hydrogen of the 
ev veosidic hydroxyl gives an activated complex that 


decomposes with separation of the conjugate base | 


d rupture of the rmg. By the reversible addition 


of a proton, the product establishes oe with 
the open-chain form of the sugar. estoration of 


asymmetry on carbon 1 through ring formation, 
facilitated by combination of the conjugate base 


with the carbonyl oxygen establishes equilibrium of 
the cyclic modifications. The glycosylamine, how- 
ever, does not react to a great extent by a base- 
catalyzed mechanism (eq 6b) analogous to that of 
the free sugar because there is less tendency on the 
part of the amino nitrogen to release a proton. 

The above mechanisms differ from those generally 
accepted primarily in regard to the species of the 
sugar undergoing reaction. According to Hammett 
({13, p. 337]}) “. the only reasonable mechanisms 
are the following: for the acid catalysis the mobile 
and reversible addition of a proton to the ether oxy- 
gen followed by a rate-determining reaction with a 
base . . . for the base catalysis the mobile and 
reversible removal of a proton, followed by a rate- 
determining reaction with an acid.” These mecha- 
nisms, originally advanced by Fredenhagen and Bon- 
hoeffer [14] and based in part on the work of Bon- 
hoeffer and Reitz [15], have been extended to the 
glycosylamines by Howard, Kenner, Lythgoe, and 
Todd [16]. The mechanisms of [14] are outlined in 
eq 5 and 7, in which the steps contained in brackets 
have been postulated by us. Comparison shows that 
our acid-catalyzed mechanism of eq 4a resembles the 
base-catalyzed mechanism of eq 5, and that our base- 
catalyzed mechanism of eq 6a resembles the prior 
acid-catalyzed mechanism of eq 7. It will be seen 
that the two mechanisms classified here under acid- 
catalysis (eq 4a and 5), operate on different species 
of the sugar; this is likewise true of the two classified 
under base-catalysis (eq 6a and 7). The proportions 
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of the species are determined by the hydrogen ion | Base-catalyzed system: 


concentration and the base strength of the carbohy- | 
drate, and hence the relative importance of the sev- | 


eral mechanisms in any solution depends on the sub- 
stance and the pH. 


Presumably all of the mechanisms, in addition to | 


Lowry’s, are applicable to the sugars, with eq 5 and 
6a favored in alkaline solution and 4a and 7 in acid 
solution. It appears that eq 4b would be the main 
course for the primary and secondary amines and 
indeed the only one that is applicable to tertiary 
amines. The mutarotation of tertiary glycosyl- 
amines was observed by Kuhn and Birkhofer [17], who 
concluded that the reaction involves the formation 


of a substituted ammonium ion followed by elimina- | 


tion of a proton, to give the imonium ion —C=NH}. 
Although eq 4b involves the same imonium ion, we 
believe that it is produced directly from the amine 
rather than from the corresponding ammonium ion. 
It should be pointed out that the mechanism of eq 
4a and 4b requires only an acid catalyst and is at 
variance with the currently held concept that both 
an acid and a base catalyst are necessary for the 
mutarotation reaction. As applied to the alkyl 
glycosides, a mechanism analogous to eq 4a will ac- 
count adequately for acid-catalyzed interconversion 
in nonaqueous solvents, a reaction for which mecha- 


nisms analogous to those of eq 5, 6a, and 7 are inade- | 


quate because the aglycone group does not permit 
attack by a base catalyst. 


Apparently the acid- and base-catalyzed reactions | 


of the sugars take place side by side, and the over-all 
reaction can be regarded as the sum of the parallel 
and competing reactions, the rates of which depend 
on the acid and base catalysts present. It is of 
interest to examine the newly postulated mechanisms 
to ascertain whether they will account for the effect 
of acid and base catalysts on the rate of mutarota- 
tion. For this purpose, the mechanisms of eq 4a 
and 6a can be formulated in the following manner: 


Acid-catalyzed system: 


ky 
a-~ HA@X, 


1 


ky 
X,22X, 
ke 


ks 
X,+ HBX; 
k 3 
ky 
X;=28+B 
k 


‘4 


In these expressions, HA represents an acid 
catalyst, B a base catalyst, a and 8 the modifica- 
tions of the sugar, and X,, X., and X, reaction 
intermediates. The rate constants and the inter- 
mediates are not the same for the two systems. 
Application of the Christiansen equations ([{13, p. 
107]) to the acid- and base-catalyzed systems for the 
sugars, and combination of rate constants, lead to 
the following expressions, respectively for the rates 
of reaction: 


dja] d([p]| , : Ly 
a at k (HAI (k[a] — k’[8}), 


for catalysis by an acid, and 


dja} d{p| , '__—=—" 
~~ di ky|B] (kl aj] —k’[B)), 


for catalysis by a base. At equilibrium, 
_dlel _o. 
dt 

Thus k{a]—k’|8]=0 in both cases, and k/k’ is fixed 
by the equilibrium ratio. By adjusting the arbitrary 
constants k, and ky, the same value in the two 
equations is assigned to & and likewise to k’, so that 
(kl a]—k’[8}) becomes a common factor for all catalysts. 
The over-all rate then becomes 


d {a : 2 , 
— Tl (Sk HA) + Dk 1B )ielal—k' (a), 
for i acid catalysts and 7 base catalysts. If the only 
catalysts are oxonium ion, hydroxyl ion, and water 
eq 8 reduces to 


d{a 


Jel = (knot kulH*] + konlOH-D(kial—k'[A)), (9) 
where ky,o includes both acid and base catalysis by 
the water molecule. This equation, when integrated 
and expressed in terms of optical rotation by Hud- 
son’s method [18] * becomes 


* At the time that Hudson presented his classical development of the kinet 
of mutarotation, it was thought that the equilibrium of lactose was establis! 
between a ring form and an open-chain form (referred to in his article as lact 
and hydrate, respectively) 
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l 
ln 
t 


ro F® (kyo +kulH*] +konlOH-)(k+k’). 


rr—Te 


By reducing to common logarithms and combining 
constants, 


2 =ky,o+kulH*]+koulOHJ=kn. (10) 


] 
log ip 
This is the familiar expression that Hudson found 
to represent the mutarotation of glucose in acid, 
neutral, and alkaline solutions [6]. This derivation 
shows that the postulated acid- and base-catalyzed 
reactions are in accord with the previously known, 
experimentally determined relationship correlating 
the rate constant for the mutarotation of the sugars 
with the catalysts present. 

The Christiansen equations may be similarly 
applied to the mutarotation of the glycosylamines 
(eq 4a and 4b), and the summation then takes the 
form: 


x“ ve (Sk HAL + Sk, (B,)) (kl ayn] —k’ [8xn,]). 


(11) 


The expression calls for general acid and base 
catalysis. It has been found experimentally that 
the mutarotation rate is increased by the presence 
of ammonium, phosphate, and carbonate buffers. 
However, for systems in which the only catalysts are 
water, oxonium ion, hydroxyl ion, and ammonion ion, 
eq 11, when treated in the same manner as eq 8, 
reduces to 


flog 7 * = key,o+ kul H+] + 


Sie 


kon(OH-]+kwu,[NHi]=km. (12) 


In the case of the glycosylamines, there is theo- 
retically a complicating factor. In the derivation of 
the expression for the rate of mutarotation of the 
sugars, it is possible to assume that a direct relation- 
ship exists between the concentrations of the alpha 
and beta isomers and the optical rotation seauadioen 
of the presence of either more or less acid. This 
assumption is valid because only a minute part of 
the sugar exists under any given conditions in other 
thanthenormal forms. Because of the basic properties 
of the amino group, however, part of both the alpha 
and the beta glycosylamine probably exist in solution 
as the corresponding substituted ammonium ion. 
The proportion of the free amine in aqueous solutions 
is determined by the equilibrium: 

CH-‘NH, CH-NH?} 
IN ky 4’ 
R O+HfO> O+H,0. 
A ky 

—C —C 


(a or 8) (a or 8) 


| 
| 
| 
| 


| 
| 
| 





| 


| t-arabinosylamine it is the 





When this reaction is taken into account, it can 
be shown by application of the mass law that 


1 log Pole __ 
t ee—r 


@ 


knot kylH*) + konl|OH -] + ku, [NHS] a 


rR) =k, (14) 


where K is the equilibrium constant for eq 13. Ap- 
plication of eq 14 to the data of table 2 gives a series 
of simultaneous equations that show that in the pH 
range where the mutarotation is sufficiently slow 
to be measurable, the effect of the term K [H*] is less 
than the experimental error. Consequently, the 
term can be neglected and eq 12 can be applied to 
the mutarotation of L-arabinosylamine. 

From the data of table 2, numerical values were 
obtained for the catalytic coefficients of eq 12. At 
low concentrations of oxonium and ammonium ion, 
the quantity ky,o+oxn[OH~] approaches &,,, and 
each term must be less than the lowest observed rate 
(0.0004 at pH 12); hence ky,o and kon are less than 
4x10" and 4X107*, respectively. From experi- 
ments 2 and 3, kyu, was found to be 10-7. Inasmuch 
as kyo and koy[OH~] are negligibly small in com- 
parison with the values of &,, in experiments 4, 5, and 
6, values of ky were calculated on the assumption that 
kn =kyfH*|]+10-[NH?]. The average value of ky 
so obtained is 6.9 10°. The mutarotation constants 
of table 2, corrected for the catalytic effect of am- 
monium ion, are given in the last column of the table 
and are shown by the dotted curve of figure 3.°. A 
comparison of the numerical values of the catalytic 
coefficients for t-arabinosylamine with those for 
p-glucose is given in table 3. It may be seen that the 
principal catalyst for the mutarotation of p-glucose 
is the hydroxyl ion, whereas for the mutarotation of 
oxonium ion. The 
striking difference arises primarily from the fact that 
the glycosyl oxygen has a greater tendency than the 
nitrogen to release a proton (eq 6a and 6b) and less 
tendency than the nitrogen to share a lone electron 
pair (eq 4a and 4b). 


TaBLe 3. Catalytic coefficients of mutarotation reactions at 
20° C 


L-Arabinosyl- 


; »Glucose * 
amine D-Glucose 


Catalyst Symbol 


2.6x10~* 

4.6107! 
8x10 

1.2x1073 


H,O kH,0 <4x10~* 

H* ku 6.9x10° 

OH” kou 4x10~? 
Nut kNH, 1x107? 


* Data from [19]. 


*In a preliminary publication [2', an expression was given to represent em- 
pirically the rate of mutarotation in experiments 1, 7, 8, and 9. No attempt was 
made to evaluate the general acid and catalysis of the buffers used. 
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Rate constants for mutarotation and hydrolysis of 
L-arabinosylamine. 


Ficure 3 


IV. Hydrolysis Reaction 


It has already been mentioned that the rate of 
hydrolysis of L-arabinosylamine was calculated from 
the increase in optical rotation that follows the 
initial decrease. The rate of hydrolysis obtained 
from the data of table 1 is shown in figure 3 as a 
function of pH. The results bring out clearly the 
striking sensitivity of L-arabinosylamine to hydrolysis 
within a limited pH range.” 

A satisfactory mechanism for this reaction must 
account for the ease of hydrolysis and the restriction 
of the reaction to a limited pH range. It follows 
from the well-known stability of amines to acid 
hydrolysis "' that the hydrolytic reaction is not 
characteristic of the C— NH, linkage but must be due 
to the glycosyl structure. It was mentioned in 
connection with the acid-catalyzed mutarotation 
that the glycosylamine is able to form the imonium 
ion, —C=NHj, by rupture of the ring following the 


addition of a proton to the ring oxygen. A mecha- 
nism for hydrolysis including this substance as an 
intermediate is given in the next column.” With this 


The reaction-rate-pH curve is similar in shape to many of the enzyme 
activity-pH curves, among which may be cited those of urease [20], 8-glucosidase 
[21], a-amylase [22], and cellulase [23]. It seems possible that the sensitivity of 
certain enzyme systems to a change in pH may also arise from equilibria compa- 
rable to those cited here 

1 The stability of the C—N linkage of amines is illustrated by the fact that 
glucosamine is obtained by treatment of chitin with concentrated hydrochloric 
acid [24] 

? The giycosylamines are somewhat analogous to the dialkylaminomethy] 
alkyl ethers, which have been studied by Stewart and Bradley [25). These 
authors found that the compounds are rapidly hydrolyzed by acid and explained 
the ease of hydrolysis by a mechanism involving the formation of an iminium ion 
imonium ion) and condensation of this with hydroxyl ion. Our mechanism 
includes analogous steps. 





structure (D), addition can take place by attachmen 
of a nucleophilic group to the carbon, and a shift o 
electrons. If the nucleophilic group is hydroxy! 
addition yields an intermediate aldehyde ammoni: 
(F). This grouping is known to be: unstable an: 
gives up ammonia readily. Thus the aldehydi 
properties of the glycosylamine account for th 
facility with which ammonia is eliminated. 


Proposed mechanism for the hydrolysis of glycosy! 
amines: 
CH-NH, CH-NH} 
(Hy 5 Ok, 
R O 
‘ (H [O)k \ 
Cc 


(B) 


k_o» (HTO) 
(H,O) ¥k, 
HC=NH?; HC—NH 
(H,O)k 
R = R 
(HTO)ky 
-COH 


(BE) 


H 
HO—C—NH, 
R 


(F) 


kiss (HO) 
(H “ay 


(Hz Oke 
Sugar 
(NH,) fH O)k~ (X) 
—C—OH 


(G) 


It will be shown next that the proposed reaction 
mechanism will account for the fact that hydrolysis 
is rapid only in a limited pH range. Presumably 
the first step in the hydrolysis is the formation of the 
imonium ion (D) by acid catalysis; this is accom- 
panied by a side reaction to form the glycosylammo- 
nium ion (C). The second step is the addition of a 
hydroxyl ion to D, to yield the aldehyde ammonia 
(F); it is also accompanied by a side reaction forming 





wl 
SU 
ow 


Th 
in 
pre 


Th 
eX] 
be 


the imine (E). The last part of the process covers 
the elimination of ammonia from the aldehyde am- 
monia. It is represented as proceeding through the 
ionization of F (reaction 5), followed by an acid- 
catalyzed rearrangement of the anion (G) to yield the 
aldehyde form of the sugar, and ultimately the equi- 
librium mixture. The ammonia is converted to am- 
monium ion, thus driving the reaction to completion. 
In the derivation of the rate constant as a function of 
the oxonium ion concentration, it is postulated that 
in the pH range in which hydrolysis occurs, equilibria 
for all reactions except 6 are established quickly and 
maintained throughout the reaction. It is also as- 
sumed that within this range reaction 6 is irreversible. 
Inasmuch as equilibrium conditions are postulated 
for all reactions except 6, the rate of hydrolysis is 
represented by 


X) 


di (15) 


(G] [H*}k., 


where A is the sum of all components and X is the 
sugar formed by hydrolysis. From mass law it fol- 
ows that , 
[F) |H,O|k,;=[G] [H*]k_, 
[D] (OH-|k, 
[E] [H*]k_; 


[B] [H*}k, 


[F\k 4 
[D} |H,O}k, 
-{D] [H,O]k_, 


(C) [H,O)|k_,=|B) [H*)k, 

The equations may be solved for B, C, D, E, and F 
in terms of G, and the values substituted in the ex- 
pression A=B+C+D+E+F+G-+-X to obtain 


wk ak (H+]k_ kk 


ek 
(OH -)k,k,k, * [H,O||OH -]k,k 


kak . 


A—X) GI (a 


|H*|k sk 4 k _sk_4ks + 
(H,O)[OH-]k,k. * (OH |kak sh 
[H*)k_. 

(H,O} k; '+1) 


This, when simplified by combining constants, and 
expressing the results in terms of new constants 
becomes 
IG} (A—X)(OH-?) 

" (OH- 2+ k’ (OH | +k” 
If the derived value for [G] is substituted in eq 15, 
it becomes 


_d(A—X)_ (A—X)[OH-/*[H*]k, 
dt (OH-}?+k’(OH-|+k” 


Which may be simplified by multiplying numerator | 
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and denominator by [H*], and combining constants 
to obtain 


_d(A—X) (A—X) : 
dt K’ + K"|H*|+K’" (OH | 
After integration, evaluation of the integration con- 


stant and conversion to common logarithms, the 
equation becomes 


A l 
"“(A—X) K,+K,|/H*]+kK 


; log y = knyarot 


OH-| 


where Aya 18 the hydrolysis rate constant. Inas- 
much as the change in optical rotation during the 
hydrolysis period is a measure of the change in 
(A—X), the expression in terms of optical rotation 


| becomes 


Te,—"t oe ] 


l 1 
tt, 5, —r. K+ KAR") +K 10H" 


Knyarot* 


(16) 
4, nine simultaneous 


By use of the data of table 
Com- 


equations corresponding to eq 16 were set up. 


| bination of these in groups of 4, 2, and 3, and solution 


by the method of averages gave values of 7.9, 6.1 10" 
and 4.2 10°, respectively, for K,, Ky, and Ky. Thus, 


] 
Knyarot 7.9+-6.110*{H*]+4.2* 1OOH-} 
A piot of this expression is shown by the solid curve of 
figure 3; the experimental results are in good agree- 
ment with the curve. Thus, the postulated mecha- 
nism and the equation developed from kinetic con- 
siderations account for the fact that hydrolysis is 


| rapid only in a limited pH range. 


Taste 4. Summary of data for the hydrolysis reaction at 20°C 


Experiment {H+} [OH-} k® bydrol 


16xK10-% 0.019 
6.3x10-* O29 
16x10 OS 
0.8x10°% 06s 


0.68x10-7° 
1.6«K10-7 
6.3107 
13x10" 


1.0x10"5 Ixlo-* 108 
2.5«K10-5 0.4xK10-% 108 


1.0K10- 10x10 06s 


17 q 2.0K10-¢ 5x1 “7 
18 q 7.9x10- 1.3xK10 021 


* Knydret= l/(t2—ti) 10g (7e,—Two)/(Ttea—Tao), Where ry, is the first measurement 
in the period used for evaluating the rate of hydrolysis 


In the preceding discussion, it was necessary 10 
omit consideration of the individual reaction con- 
stants and of catalysis by acids and bases other 
than oxonium and hydroxyl ions.’* Furthermore, 
it was not possible to consider the several ring 
isomers of the system separately. In the mechanism 
on page 140, intramolecular reaction of carbon | 

‘Inasmuch as equilibrium conditions prevail during the hydrolysis, genera) 


catalysis in the formation of the imonium ion does not affect the rate of hydroly- 
sis, although it accelerates the rate of mutarotation 
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of D with the hydroxyl of carbon 4 would give the 
alpha and beta furanosylamines; reaction with the 
hydroxyl of carbon 5 would give the alpha and 
beta pyranosylamines. Hence B and C symbolize 
all cyclic modifications of the glycosylamine, and the 
corresponding cation, respectively, and the constants 
of reactions 1 and 2 represent composite rates. 
Similarly, F includes both stereomeric modifications 
of carbon 1, and the constants of reaction 5 represent 
composite rates. 


V. Evidence for the Formation of an Un- 
known Product, Possibly the Digly- 


cosylamine 


In some cases the mutarotation and hydrolysis 
appear to be complicated further by a side reaction 
that takes place during the early part of the reaction 
period and varies in importance with the experi- 
mental conditions. Evidence of this complicating 
factor may be seen from the data of table 5. It 
will be observed that when an excess of acid is 
added slowly to L-arabinosylamine, the optical rota- 
tion drops to a lower point than when the acid is 
added quickly. 
tion appears to be hydrolyzed more rapidly than the 


other, as the optical rotation of the solution rises 


more rapidly and ultimately exceeds that of the 
solution containing less of the byproduct. It seems 
probable that the complication is caused by the 
formation of a diarabinosylamine. Evidence of this 
reaction is also found in experiments 19 and 20 of 
table 1. In these, the initial observed rotation is 
lower than usual, and the early change in optical 
rotation is too rapid to be due entirely to the hydroly- 
sis of L-arabinosylamine. As the reaction, after the 
first few minutes, appears to follow the first-order 
course, the calculations of the rate were made with- 
out the use of the early anomalous values. In experi- 
ment 18 of table 1, however, although the initial 
rotation is likewise low, the entire mutarotation 
follows the first-order course. The side reaction, 
which under other conditions may become of major 
importance, is being studied further. 


Reaction of t-arabinosylamine with acid (evidence 
for a side reaction) 


TaBLe 5. 


0.25 g of L-arabinosylamine dissolved in sufficient 2.5 N HC1 to give a volume 
of 25 ml 


Optical rota- | Optical rota- 
Time after begin- | tion after rapid | tion after drop- 
ning the addi- addition of wise addition 
tion of acid acid of acid during 
2.5 minutes 


Minutes } {al? 
3.8 | 69.0 
7.0 | 69.3 
15.0 
30.0 
00.0 
Change in [a]} 
in 1 br 


The product having the lower rota- | 





VI. Role of the Imonium Ion in Other 
Reactions of Glycosylamines 


It is believed that the imonium ion, considered 
be an intermediate in the hydrolysis reaction, 
counts not only for the formation of the diglycos 
amine but for several other reactions. Thus the adii 
tion of a nucleophilic substance, as for instance 
cyanide ion, would take place most readily throu 
the imonium ion, and the concentration of this 
cation would largely determine the reaction rate. 
The imonium ion also plays a part in reactions of the 
Amadori type; mechanisms for some of these were 
presented in a prior publication [26]. 


VII. Experimental Details 
1. L-Arabinosylamine 


Dry ammonia was passed slowly, at room temper- 
ature, into 100 ml of methanol containing 1 ¢ of 
ammonium chloride and 20 g of L-arabinose in suspen- 
sion. Addition of ammonia was discontinued when 
the sugar had entirely gone into solution. Ether 
was then added to the point of incipient turbidity, 
and the mixture was allowed to stand in the refriger- 
ator until crystallization of L-arabinosylamine ov- 
curred (3 weeks). The crystals were collected on a 
filter, washed with methanol, and air-dried; the 
vield was 15g. Reecrystallization was conducted by 
dissolving the crude arabinosylamine in 30 ml of a 
1:10 mixture of concentrated ammonia and water. 
The solution was filtered and diluted with 60 ml of 
methanol saturated with ammonia, and then with 
150 ml of absolute ethanol. The resulting crystals 
were separated after 2 hours, washed with methanol 
saturated with ammonia, and dried at room tempera- 
ture in a vacuum desiccator containing phosphoric 
anhydride. The recrystallized product weighed 
10.8 g, and melted at 124° C. At a concentration of 
2 g/100 ml in CO,-free water, [a]? = +-86.3° (5 min); 
83.8° (60 min): 78.6° (7 hr); 80.5° (54 hr). De 
Bruyn and Van Leent [2], who first prepared the 
compound, reported mp 124° C and [alf?+83° 
(H,O, e=10). 

Figure 1 shows the titration curve obtained when 
0.1 N HCl was added portionwise to 75 ml of a 
solution containing 0.1493 g of L-arabinosylamine. 
Sufficient time was allowed after each addition of 
acid for the pH of the solution to reach equilibrium. 
At the end of the experiment, the optical rotation 
corresponded to that of L-arabinose, and after the 
ammonium chloride and excess acid were removed 
by treatment with ion-exchange resins, 0.14 g of 
crystalline arabinose was obtained from the solution. 
This is a nearly quantitative yield. 


2. Tetraacetyl-L-Arabinosylamine 
A mixture of 4 g of finely powdered t-arabinosy!- 


amine, 40 ml of pyridine and 16 ml of acetic anhydrid, 
in a flask equipped with a mechanical stirrer, wes 
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kept in an ice bath and stirred until solution was | 


complete (4 hrs). After 18 hours at 0° C, the solu- 
tion Was poured into a mixture of ice and water, and 
the product was extracted with chloroform. Evap- 
oration of the chloroform gave a crystalline residue 


that was recrystallized from hot ethanol. The | 
vield was 3.65 g. After several recrystallizations, | 
to | 


tetraacetyl-L-arabinosylamine melted at 177° 
178° C; [ae = +89.6° (CHCl, c= 1.6). 

Analysis: Calculated for CysHwO.N: C, 49.21; H, 
6.04: N, 4.41; CO-CHs, 54.26. Found: C, 49.3; 
H. 6.1; N, 4.4; CO-CHs, 52.4. 


3. N-Acetyl-L-Arabinosylamine 


Six grams of tetraacetyl-L-arabinosylamine was 
dissolved in 100 ml of anhydrous methanol, and 10 


ml of 0.1 N barium methylate in methanol was | 


added. The alcohol was removed by distillation 
under reduced pressure, with exclusion of moisture. 
The residue was dissolved in water and treated 
successively with a cation and an anion exchange 
resin to remove barium salts. The resulting solu- 
tion, after evaporation, gave 3.6 g of crystalline 
product. To recrystallize, the material was dissolved 
in 6 ml of hot water, and the solution was treated 
with a decolorizing carbon. After filtration, the 
solution, combined with 2 ml of washings, was diluted 
with 2 volumes of methanol, and the mixture was 
allowed to stand for several hours at 0° C. The 
crystalline N-acetylarabinosylamine was separated 
and washed with methanol, Melting point, 222° to 
224° C; Ja?= +69.1° (H,O, e=4). he constants 
were unchanged after further crystallization. 

Analysis: Calculated for C;H,O;N: C, 43.97; H, 
6.85; N, 7.33. Found: C, 44.1; H, 6.8; N, 7.4. 


4. Periodate Oxidation of N-Acetyl-L- 
Arabinosylamine 


It was found that the optical rotation of a solu- | 
tion that was 0.1 ./ with respect to N-acetyl-L-arab- | 


inosvlamine and 0.25 M with respect to sodium 


metaperiodate (NalO,) quickly changed from a dex- | 


tro to a levo direction and attained a maximum 
({a}??= —49°) in 14 minutes. After this time, there 
was a very gradual decrease in levo-rotation. At 


intervals, 10-ml aliquots of the solution were with- | 


drawn, and each sample was treated with 10 ml of 
a saturated solution of sodium bicarbonate, 25 ml 
of 0.1 N sodium arsenite, and 1 ml of a 20-percent 
solution of potassium iodide. The excess arsenite 
was then titrated with a 0.1 N solution of iodine. 
The values in table 6 show that two moles of period- 
ate were consumed per mole of glycosylamine in 10 
minutes, and that further consumption of periodate 
was negligible. These results are in harmony with 
a pyranoside structure for N-acetyl-L-arabinosyla- 
mine. The change in optical rotation that takes 
place during the oxidation is also given in table 6. 
The levorotatory product, presumably 





HNAe 


H,C—CHO OHC—CH 
| 
— — 


is characteristic of all N-acetyl-pentapyranosyla- 
mines having the same sa for carbon 1 as 
that of N-acetyl-L-arabinosylamine. 


TABLE 6. Oxidation of N-acetyl-L-arabinosylamine with 
sodium meta periodate 


Moles peri- 
odate per 
mole amine 


Reaction | Optical ro- 
time tation * 


Minutes lal’p 
2.5 +19.6 
4 —6.9 


3 
5. 
5 
7 


) 
3 —30.9 
3 —42.5 


10.0 1.99 
10.7 —47 

14.2 

30 2.00 
60 —44 

120 2.01 


* Based on weight of N-acetyl-.-arabinosylamine. 


5. Mutarotation and Hydrolysis Measurements 


The course of the mutarotation and hydrolysis 
reactions was followed by measurements of optical 
rotation on solutions of L-arabinosylamine containing 
known amounts of acids and bases. In each experi- 
ment, 0.5 g of erystalline L-arabinosylamine was 
placed in a 25-ml volumetric flask. Sufficient acid, 
base, or buffer solution at 20° C was added rapidly to 
give a volume of 25 ml, and measurements were made 
of the optical rotation in a 4-dm tube. Time was 
measured from the moment the solvent was added 
to the crystals. At the end of the experiment, and in 
some cases at intermediate points, the pH of the 
reaction mixture was measured. As 1 mole of 
ammonia is liberated during the hydrolysis, it was 
not possible to maintain the hydrogen ion concentra- 
tion constant, and in each case the pH of the solution 
increased somewhat as the reaction proceeded. For 
purpose of comparison, the values obtained at the 
end of the experiment were used in the calculations. 

In solutions more acid than pH 7.8, the initial 
decrease in optical rotation that characterizes the 
mutarotation was too rapid to detect. In the pH 
range 7.8 to 12, velocity constants for the mutarota- 
tion were calculated by the formula 


| ‘ rt, rn 
og ’ 
r . 


to 'm 


Re 
t,- t; 


where r,, and r,, are the specific rotations at times 
t, and ¢,, and r,,, the minimum optical rotation, is 
assumed to be the equilibrium rotation in_ the 
zbsence of hydrolysis. In some experiments the 
minimum rotation was not reached because the 
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reaction either was too slow, or was complicated by 
competitive hydrolysis. In these cases, a value of 
+69°, the minimum rotation found for uncompli- 
cated cases, was used for r,, 

It is noteworthy that ‘the equilibrium rotation 
obtained in highly alkaline solution in the presence of 
2.5 N ammonium chloride (experiment 3, table 1), is 
appreciably lower than that found at the same pH 
in the presence of only 0.1 N ammonium chloride 
(experiment 2). 
known, but it may be due to the side reaction 
mentioned on page 142. 

The rate of hydrolysis was calculated from the rise 
in optical rotation that takes place after the primary 
mutarotation reaction is complete. In the calcula- 
tions it is assumed that the second change in rotation 
is due solely to the hydrolysis reaction and that the 
optical rotations of both the arabinosylamine and the 
product, t-arabinose, remain constant throughout 
the period chosen for the rate measurement. 

The values for the hydrolysis rate constant given 
in table 1 were calculated from the formula 


Te, —Te 


1 
A hydrol ~~ ty sat, t, log ty ce “iy 


where rn and r,, are the rotations at times ¢, and fy, 
respectively, and r. is the specific rotation of the 
fully hydrolyzed material. 


VII. Summary 


It has been found that L-arabinosylamine under- 
goes a mutarotation reaction that is followed or 
accompanied by hydrolysis of the amino group. The 
mutarotation takes place at measurable rates 
between pH 7.8 and 12, but it is too rapid to observe 
in solutions of higher oxonium ion concentrations. 
Mechanisms are proposed for the mutarotations of 
the glycosylamines and of the sugars. The mutaro- 
tation of the glycosylamines, in marked contrast to 
that of the sugars, is not appreciably catalyzed by 
hydroxyl ion, but is strongly cataly zed by oxonium 
ion. Apparently mutarotation and hydrolysis of the 
glycosylamines take place through an intermediate 
imonium ion. 

The rate of hydrolysis of .-arabinosylamine is 
unusually sensitive to the acidity of the medium, is 
greatest at pH 5, and is negligible in both alkaline 
and highly acid solutions. A mechanism is proposed 
to account for these facts and by application of mass 
law to the reaction scheme and evaluation of the 
constants, the following expression is obtained for 
the rate of hydrolysis: 


l 
7.9+6.110"H*]+4.2 10§OH-| 


Knyarot 


The cause of the difference is not | 





| [25] T. D. Stewart and W. E. 


were prepared: Tetraacetyl-t-arabinosylam) je 
(CisH,O.N), mp 177° to 178° C, faf?=—+89 5° 
(CHCl. ce=1.6); N-acetyl-L-arabinosylamine ((.- 
H,,O;N), mp 222° to 224° C, faP’=+69.1° (Ho. 
e=4). The latter substance was found to reset 
quickly with 2 moles of sodium periodate, as required 
for an N-acetylpentosylamine having the pyranose 
structure. 
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of Rolf A. Paulson, who analyzed the compounds 
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Infrared Studies of Association in Eleven Alcohols 
Francis A. Smith and E. Carroll Creitz 


This work provides information to facilitate the interpretation of the structures of 
carbohydrates in terms of their infrared absorption spectra and additional knowledge of 
the properties of alcohols as associated solvents. The spectra of methanol, 1-dodecanol, 
2-methyl-2-propanol (t-butyl alcohol), 3-pentanol, 3-methyl-3-pentanol, 2,2,4-trimethyl-3- 
pentanol, 2,4-dimethyl-3-ethyl-3-pentanol, 2,2,4-trimethyl-3-ethyl-3-pentanol, 2,2,4-tri- 
methyl-3-isopropyl-3-pentanol, 2,2,4,4-tetramethyl-3-n-propyl-3-pentanol, and 2,2,4,4-tetra- 
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methy!-3-isopropyl-3-pentanol have been studied. 
Some of the effects of dilution in nonpolar solvents, and of steric hindrance by branch- 
ing, on their intermolecular association through the formation of hydrogen bridges have 


been determined. 


Evidence is presented for the existence of a single-bridge type of dimer. 
The assignment of the band at 2.86 microns to dimer has been given strong support. 
An isobestic point, at which the molar absorbancy index (28.6) is independent of the degree 

of dissociation, was found at 8.82 microns in the spectrum of 3-pentanol. Others not so 
well marked appear in the spectra of some of the other alcohols. Such points facilitate the 
quantitative determination of such alcohols in favorable circumstances. 

The absorptions of the monomer and the dimer, separately, appear to obey Beer's law. 

Both the monomer and the single-bridge dimer appear to contribute to the free hydroxy] 
absorption; their relative contributions depend upon the concentration of the solution, 


I. Introduction 


The interpretation of the infrared spectra of 
carbohydrates and other hydroxyl-bearing com- 
pounds in terms of molecular structure is complicated 
by the intra- and intermolecular association of such 
compounds through the formation of hydrogen 
bridges [1, 2].'!. Many workers have investigated 


these association phenomena and their effects on the 
infrared spectrum by means of progressive dilution 


nature of the rest of the molecule to which the 
hydroxyl is attached. The free hydroxyl of mono- 
mer, unaffected by other molecules, may be expected 
to absorb at a slightly shorter wavelength than the 
free hydroxyl of single-bridged dimer or the terminal 
free hydroxyl of polymer. In the latter cases the 
bridge to oxygen formed by the hydrogen of another 
molecule absorbs part of the available energy, 
weakening the free O—H bond and resulting in 
absorption at a —- longer wavelength. A 


ANIC . “ e as = 
ork, in solvents [3 to 7]. As the average intermolecular | band at approximately 2.864 (3,497 cm~') has been 
distance increases with dilution, a progressively | ascribed [3, 4] to the fundamental stretching vibra- 
“oy larger number of bridges are broken, with a corres- | tion of the O—H in dimer in which the hydrogen 
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ponding effect upon the spectrum. 

A solvent suitable for the study of association 
between molecules of the solute should (a) dissolve 
the solute in appreciable quantities; (b) be free from 
absorption bands of its own in the region to be 
studied; (c) show no association with the solute. 
Solvents in which carbohydrates, such as cellulose, 
are sufficiently soluble usually contain O or N (to 
which the solute could form hydrogen bridges) and 
have relatively complex spectra. Consequently, it 
has not been possible to study such carbohydrates by 
this method directly. The same situation exists in 
the case of sugars, although their solubility in other- 
wise suitable solvents may be increased slightly by 
partial acetylation. Many monohydrie alcohols, 
however, are sufficiently soluble in such solvents as 
carbon tetrachloride and carbon disulfide, which 
have been shown to be otherwise suitable. 

Several possible types of aggregation that may 
result from the association of alcohols are illustrated 
diagrammatically in figure 1. 

The free fundamental valence stretching vibration 
of the hydrogen-oxygen bond has been shown to 
result in a sharp absorption band at approximately 
75 (3,636 em~'), which is little affected by the 


Figures in brackets indicate the literature references at the end of this paper. 





participates in a bridge between its own oxygen and 
the oxygen of another molecule. In such cases, 
represented in figure 1 by the bridged O—H - - - O 
of the single-bridge dimer and the terminal 
O—H ---O of the polymer, the O—H bond is 
weakened much more than was the case in the 
change from monomer to the free hydroxyl of dimer. 
When several molecules are linked together as 
indicated for polymer in figure 1 (except in the 
case of the formation of a closed ring), there will be 
a free hydroxyl group at one end and a bridged 
hydroxyl group at the other, like those just discussed 
above. All the internal O—H vibrations will be of 
the type in which both oxygen and hydrogen, instead 
of oxygen or hydrogen alone, participate in bridges 
to other molecules. In this case the O—H_ bond 
is weakened even more than in the other cases, and 
the still lower frequency of the fundamental stretch- 
ing vibration results in an absorption band centering 
near 3u (3,333 em™'). The skeletal vibrations 
of long chains of such nature could result in a 
relatively continuous statistical variation in the 
lengths, strengths, and frequencies of vibration of 
the O—H bonds of the intermediate bridges and so 
account for the breadth of the absorption band and 
the lack of indication of discrete fine structure even 
at high resolution. The situation in the case of the 
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double-bridged type of dimer represented in figure 1 
differs from that of the polymer (- - - O—H.- - -), 
in several respects. The O—H---O angle in 
the dimer is necessarily much smaller, and conse- 
quently the bridge can exert less effect upon the 
O—H stretching frequency than would be the case 
if the angle were nearly straight. But both hydrogen 
and oxygen of both molecules participate in bridges. 
The combined result of both effects should place 
the absorption of the O—H bond of double-bridged 
dimer at a wavelength somewhere between that of 
free hydroxyl and that of polymer. The quadrangle 
formed by the doubly bridged pair of hydroxyl 
groups should be planar, and the in-plane bending 
vibrations of the O—H bond should be much more 
affected by the bridges than the out-of-plane bending 
with a marked difference between the frequencies 
of the in-plane and out-of-plane vibrations. Avail- 
able spectra of the liquids, obtained with rock salt 
prisms, indicate on this basis that, undiluted, the 
shorter n-1-alkanols are almost completely associated. 
With the higher resolution obtained with the lithium 
fluoride prism, and at sufficiently slow rates of 
scanning, some indication of free hydroxyl is some- 
times found. Indicatons of any “dimer’’ that may 
be present are often obscured by the broad polymer 
band. 

In this work, as a means of improving the basis for 
the interpretation of the spectra of alcohols of more 
complex structure, saree of the simpler alcohols 
have been used to study the following: 

The effects of progressive dilution in carbon tetra- 
chloride on the relative intensities of the fundamental 
stretching bands at about 2.75, 2.86, and 3 u, and of 
the first harmonic bands from 1.2 to 1.7 uw. 1-Dode- 
canol, 2-methyl-2-propanol (t-butyl alcohol), 3-pen- 
tanol, and 2,4-dimethyl-3-ethyl-3-pentanol were used 
for this purpose. 

The effects of dilution on the intensities of the 
bands of 3-pentanol from 6.65 to 9.7 u, and of meth- 
anol from 2 to 12 yu, in order to identify bands 
connected with the O—H bending vibration. 

The effects on association of the steric hindrance 
produced by branching. The following series of 
eight increasingly branched alkyl derivatives of 
3-pentanol, undiluted, were used in this study: 
3-pentanol, 3-methyl-3-pentanol, 2,2,4-trimethyl-3- 
pentanol, 2,4-dimethyl-3-ethyl-3-pentanol, 2,2,4-tri- 
methyl-3-ethyl-3-pentanol, 2,2,4-trimethyl-3-isopro- 
pyl-3-pentanol, 2,2,4,4-tetramethyl-3-n-propyl-3- 
pentanol, and  2,2,4,4-tetramethyl-3-isopropyl-3- 
pentanol. 


II. Materials 


The methanol used was part of a sample of duPont 
GRX methanol, a catalytic product, prepared as a 
raw material for the catalytic production of hydrogen 
by a process in which trace impurities except water | 


were known to poison the catalyst. The portion 
used was dried by standing over activated silica gel. 
The 1-dodecanol, obtained from John D. Hoffman 


of Princeton Univ., had been purified by crystalliza- | 





tion from dry ether followed by five fractional di 
tillations at | mm. Freezing point, 23.5° C, [8]. 

The 2-methyl-2-propanol (t-butyl alcohol) obtain: .| 
from Frank L. Howard, Engine Fuels Section, ws. 
recrystallized by freezing. 

The 3-pentanol and its seven alkyl derivatives {\)| 
were obtained from Howard, who supplied the follow - 
ing data: All the carbinols except 2,2,4,4-tetramet})- 
yl-3-n-propyl-3-pentanol were center fractions from 
the distillation of large quantities through columns 
with an efficiency of about 30 theoretical plates 

The 3-pentanol was prepared by the fractionation 
of commercial mixed secondary alcohols in a column 
of about 110 theoretical plates. 

The 3-methyl-3-pentanol was prepared from ethy!- 
magnesium chloride plus ethyl acetate. 

The 2,4-dimethyl-3-ethyl-3-pentanol was prepared 
from ethyl-magnesium chloride plus diisopropy! 
ketone. Freezing point, —16.0°C; boiling point, 
177.9°C; n,% 1.4439; D?, 0.8588. 

The 2,2,4,4-tetramethyl-3-isopropyl-3-pentanol was 
prepared from t-butyl chloride plus ethyl isobutyrate. 
Boiling point, 234.0° C; n%, 1.4646; D®, 0.8889; 
mons § impurity, pentamethyl acetone. 

The 2,2,4-trimethyl-3-isopropyl-3-pentanol was 
prepared from methyl trimethyl acetate plus. iso- 
propyl chloride. Freezing point, —18.3° C; boiling 
point, 215.4° C; n%, 1.4574; D®, 0.8758; possible 
impurity, pentamethyl acetone. 

The 2,2,4-trimethyl-3-pentanol was a byproduct 
obtained during the preparation of 2,2,4 trimethyl! 
3-isopropyl-3-pentanol and was formed by reduction 
of pentamethyl acetone. Freezing point, —11.3° C; 
boiling point 151.3° C; n?, 1.4287; D®, 0.8322. 

The 2,2,4-trimethyl-3-ethyl-3-pentanol was _pre- 
pared from ethyl bromide and pentamethyl acetone. 
Boiling point, 93 to 97° C at 35 mm; n®, 1.4479; 
D®, 0.862; purest of the group, no significant 
quantity of any known impurity. 

The 2,2,4,4-tetramethyl-3-n-propyl-3-pentanol was 
prepared from hexamethyl acetone and n-propy! 
chloride, also from methyl-n-butyrate and t-butyl 
chloride. Boiling point, 117° C at 22 mm; n%, 
1.4563; D®, 0.8595. 

Carbon tetrachloride was several center fractions 
from a distillation through a Widmer column. 
n*3, 1.4574 to 1.4577. 

Several of the spectra of the alkyl derivatives of 
3-pentanol showed an absorption band at 5.82u 
(1,718 em~'), in the range where carbonyl absorp- 
tions might be expected. Ketones and esters were 
possible impurities in some of the alcohols, and the 
possible contribution of any of the alcohols to the 
absorption at this wavelength was unknown. The 
2,2,4-trimethyl-3-ethyl-3-pentanol was stated to be 
the purest of this —* of alcohols, and its spectrum 
showed no marked absorption greater than back- 
ground at 5.82. Consequently, its absorbance 
index at this wavelength was used as a background 
value above which to estimate spectrometrically the 


| possible upper limit of carbonyl group impurities in 


the others. The result is shown in the following 
tabulation in mole percent. 
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Pentanol 

Methyl-3-pentanol 
,2,4-Trimethyl-3-pentanol 
.4-Dimethyl-3-ethyl-3-pentanol 
2,4-Trimethyl-3-isopropyl-3-pentanol 


9 
2,4 
9 
» 


3 
3 
) 
> 


,2,4,4-Tetramethy!-3-n-propyl-3-pentanol 
2,4,4-Tetramethyl-3-isopropy!-3-pentano! 


This estimated upper limit would, of course, be 
diminished to the extent to which the alcohol is 
found to contribute to the absorption at this wave- 
length in any given instance. 


III. General Experimental Procedure 


The spectra were recorded with a Perkin-Elmer 
spectrometer model 12—B, using a lithium fluoride 
prism. The spectra of the solutions of 3-pentanol 
and methanol were also recorded by using a rock- 
salt prism, as were those of the series of undiluted 
alkyl derivatives of 3-pentanol. The characteristics 


of the spectrometer and the method of operation have | 


been described previously [10]. 


The temperature of the air at the spectrometer | 


was approximately 25.2°C at all times, and the 
temperature of the samples during measurement 
probably did not differ greatly from this. 

The cells used were constructed with rock-salt 
windows and lead or tin spacers cemented with 
amalgam as described previously [11]. The thick- 
ness of the cells was measured by the interference 
method of Smith and Miller [12]. The spectra of 
solutions were corrected for cell and solvent losses 
by using as a blank a cell of nearly identical thick- 
ness filled with solvent, and for scattered energy by 
the use of shutters of glass and lithium flouride. “Cell 
losses were compensated in the case of the undiluted 
alcohols by the use of a window of double thickness 
as a blank. 

By using the densities of the alcohols and of the 
solvent, and assuming no volume change on mixing, 
molar solutions were prepared by weight, the con- 
centrations being adjusted when possible (as dilution 
progressed) to correspond to successively increasing 
thicknesses of the fixed cells, so that the weight of 
a given solute in the absorbing path would remain 
approximately the same at all concentrations. If pos- 
sible, the spectrum of each solution was recorded on 
the day it was prepared, to avoid the preferential loss 
of the lighter alcohols by evaporation noted by Saier 
and Coggeshall {13}, or of solvent in other cases. 

Change of concentration during the process of 
filling the cells was minimized by the use of the de- 
vice shown in figure 2. A 30-ml bottle with a stand- 
ard taper cap, containing the solution, was supported 
on a platform. The cap was replaced with a dis- 
pensing fitting having a short vertical outlet sur- 
mounted by a small male standard taper. The 
lixed absorption cell was supported above it in 

ways,” or positioning guide slots, like those on the 
spectrometer housing. The lower cell fitting was 
provided with a nut containing a tapered teflon 


packing, which, when lowered upon the small stand- 
ard taper of the dispenser, provided a reasonably 
tight connection. The upper cell fitting was pro- 
vided with another small male standard taper, 
made tight with a nut and teflon packing, to serve 
as a sight-glass and to indicate any loss of solution. 
Air dried over silica gel was forced into the bottle 
over the solution. When the solution rose into the 
cell and sight-glass the air was turned off, the upper 
standard taper was capped, the cell separated from 
the dispenser, the connecting nut replaced by a teflon 
sealed cap nut, and the dispenser capped. 


IV. Treatment of the Data 


Terminology and symbols conform to the usage 
outlined in NBS Letter Circular L857. 

For undiluted alcohols, 7, (transmittance) =TJ/Jo, 
where J, is the intensity of radiation incident on the 
sample, and J is the intensity of that transmitted. 
“Transmittance in percent’”=100 7. ay (“molar 





absorbance index’’)=1/be logyw1/7T, where 6 is the 
thickness of the cell in centimeters, and ¢ is the con- 
centration or number of moles per liter. 

For solutions, T= J oin/J sor and molar absorbancy 
index differs from molar absorbance index also in 
that the concentration ¢ is expressed in moles per 
liter of solution. 

Assuming the accuracy of the values of transmit- 
tance, concentration, and cell thickness, as well as 
obedience to Beer’s law, an absorption band result- 
ing from C—H should yield a value of molar ab- 
sorbency index that is independent of concentration. 
In those cases in which such a band was present 
adjacent to the spectral range of interest, it was 
used as an internal standard by which to evaluate a 
factor, constant for any one solution, with which to 
adjust the values of molar absorbency index of one 
or more solutions in a group to give a constant value 
for the “standard” band. Such deviations from a 
constant value reflect probable uncertainties in the 
numerical values, as well as possible deviations 
from Beer’s law. The application of such a cor- 
rection has resulted in a general improvement of 
the relative numerical values of the curves of a 
group, as evidenced by its effect upon several isosbes- 
tic points, some of which are reasonably good after 
the correction. 

The data have all been plotted by using a linear 
wavelength scale reading from left to right, with a 
corresponding scale in wave numbers. 

Certain sections of some curves have been delin- 
eated by small dots to indicate that unusual un- 
certainties exist in the photometric data because of 
strong bands in the background or solvent, or of the 
F—H absorption by the lithium fluoride prism. 


V. Results 


| 1. Effect of Dilution on the O—H Stretching Vibrations 


The spectral changes in the vicinity of the O—H 
fundamental stretching vibration that accompany 
the dissociation of 1-dodecanol, 2-methyl-2-propanol, 
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3-pentanol, and 2,4-dimethyl-3-ethyl-3-pentanol as 
each was progressively diluted in carbon tetrachloride 
are shown in figures 3 to 6, respectively, in which 
molar absorbency index is plotted aginst wavelength. 
Letters on the curves correspond with the concen- 
trations and cell thickness indicated in the captions. 
The number 0 indicates undiluted alcohol. 

The coexistence of free hydroxyl, dimer and 
polymer states of aggregation in  1-dodecanol, 
2-methyl-2-propanol and 3-pentanol, is indicated 
in figures 3, 4, and 5, respectively, by the presence 
in each of bands at about 2.76, 2.86, and 3.0 ug, 
respectively. 

Undiluted 3-pentanol (curve 0 of fig. 5) shows a 
little free hydroxyl but any evidence of dimer is 
unobservable. There is some evidence of dimer 
in the spectra of all the solutions in all the figures. 

It will be noted that there is no progressive shift 
of the wavelength of the bands connected with the 
several states of aggregation. Each band is 
characteristic of a given state of aggregation, and the 
changes in the relative intensities of the three bands 
reflect the relative population of the three states of 
aggregation in the solutions. 

Although the molar concentrations represented 
by curves a in figures 3 and 4 are approximtaely the 
same (2.914 and 2.416, respectively), the population 
of free hydroxyl in 1-dodecanol is much less than in 
2-methyl-2-propanol. It was necessary to reduce 
the molar concentration of the former to 0.651 in 
order to attain the same degree of dissociation, as 
evidenced by free hydroxyl, as was attained at 2.416 
moles/liter in the latter. The less complete associa- 
tion of undiluted 2-methyl-2-propanol and _ its 


apparently greater tendency toward dissociation on 
dilution, as compared to 1-dodecanol, was attributed 
to the effect of the steric hindrance of the t-butyl 


groups. This led to the study of the series of 
progressively branched alkyl derivatives of 3-penta- 
nol to be discussed later. 

In figure 6 the spectrum of 2,4-dimethyl-3-ethyl- 
3-pentanol shows little or no evidence of polymer 
absorption. The dimer band at about 2.85 yu is 
relatively narrow, as compared with the broad 
polymer bands of the other alcohols, and much 
stronger than its counterpart in the other three. 
The free hydroxyl peak of the undiluted alcohol 
(curve 0) is much stronger than that of the 3-penta- 
nol (curve 0 of fig. 5) or that of the most concen- 
trated solution of the 2-methyl-2-propanol (curve 
a of fig. 4). 

Most significant is the indication of the doublet 
character of both peaks in curves 0 and a of figure 6. 
The dimer peak of curve 0 has a stronger component 
at 2.842 w with a shoulder at a slightly longer wave- 
length, 2.857 w. The free hydroxyl peak of curve 0 
has a stronger component at 2.763 « with a shoulder 
at a slightly shorter wavelength, 2.757 ». A similar 
situation exists in curve a with the relative intensities 
of the two components reversed. Curves b, c, d, 
and e, corresponding to successively more dilute 
solutions show the shorter wavelength component 
of the free hydroxyl peak. 





This situation is interpreted to mean that in th. 
undiluted alcohol most of the stretching vibratio: 
of free O—H is that in a single-bridge type of dime 
such as that proposed by Fox and Martin [3] as on: 
possible type of hydrogen bridge (see fig. 1). Sue! 
participation of the oxygen would diminish the fore: 
constant of its bond to free hydrogen, resulting in 
absorption at a slightly longer wavelength. In the 
first solution, (curve a), most of the stretching 
vibration of the free O—H results from monome: 
although a portion is attributable to the free hydro- 
gen of the single-bridge dimer. The relative pro 
portion of monomer to single-bridge dimer increases 
with dilution. 

The splitting of the free hydroxyl absorption was 
noted by Fox and Martin [14], working with benzy! 
alcohol, and by Coggeshall [15], working with 

henols. Fox and Martin [3] presented evidence, 
vased on equilibrium constants, against a single- 
bridge type of dimer, but in their later work [14] 
while suggesting the possibility that the band at 
2.765 yw results from the interaction of hydroxy! 
and phenyl groups, they also consider the possibility 
of single-bridge dimer. Coggeshall attributes the 
splitting in 2,6-t-amyl-4-t-butyl phenol to the presence 
of an impurity in which a single large group is sub- 
stituted in the ortho position, and notes the dis- 
appearance of the longer wavelength component on 
dilution. 

The two components of the dimer peak noted in 
figure 6 also suggest the possibility that they result 
from single-bridge and double-bridge dimers. Addi- 
tional evidence from the free hydroxyl peaks of the 
series of branched alkyl derivatives of 3-pentanol 
will be presented in the discussion of their absorption 
curves. 

The absorptions represented by the shoulders on 
several of the curves of figure 6 at 2.822 » probably 
represent contributions unrelated to the hydroxy! 
group because they appear to be unaffected by 
dilution. 

The spectral changes in the vicinity of the first 
harmonic of the O—H stretching vibration that 
result from the dissociation accompanying dilution 
of 3-pentanol in carbon tetrachloride are shown in 
figure 7. The numerical values of molar absorbancy 
index plotted are 100 times the actual values. The 
band at 1.7 « was used as an internal standard as 
described above. In addition to the changes at 1.4 
(7,143 em™') maximum differences between curves 
o and ¢ appear at about 1.50 and 1.57 yu, indicating 
bands connected with the associated molecules. 
Their wavelengths do not bear the same ratio to 
the polymer and dimer peaks of figure 5 as do the 
free hydroxyl peaks of the two figures, so they may 
not represent absorption of polymer and dimer, as 
such. An imperfect isosbestic point appears in the 
vicinity of 1.43 u (6,993 em~') with a molar absorb- 
ancy index of about 0.1. 


2. Effect of Dilution on O--H Bending Vibrations 


The identification of the absorption bands con 
nected with the O—H bending vibrations appears to 
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Ficure 1. Types of aggregation in the association of alcohols. 

















Ficure 2. Dispensing device for transfer of volatile solutions 
from bottle to absorption cell. 
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Figure 5. O—H fundamental stretching bands of 3-pentanol : ; : 

in CCl, solution. rureE 6. O—H fundamental stretching bands of 
dimethyl-3-ethyl-3-pentanol in CCl, selvtion. 

LiF prism. Concentrations in moles per liter and cell thicknesses in centimeters 

are, respectively: Curve (O), undiluted, 9.245, 0.0016; (a) 1.587, 0.0087; (b) 0.7068, LiF prism. Concentrations in moles per liter and cell thicknesses in centimeters 


0.0190; (c) 0.3253, 0.0427; (d) 0.1408, 0.100; (e) 0.0568, 0.269 are, respectively: Curve (O), undiluted, 5.924, 0.0015; (a) 2.849, 0.0031; (b) 0.895 
0.0087; (¢) 0.468, 0.0190; (d) 0.2010, 0.0427; (e) 0.0864, 0.100 
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Figure 7. First harmonic of the O—H. stretching bands of | Ficure 8. Bands of 3-pentanol in the O—H_ bending region 
3-pentanol in CCl, solution. that change in intensity on dilution in CCl, solution. 


LiF prism. Concentrations in moles per liter and cell thicknesses in centimeters | NaCl prism. Concentrations in moles per liter and cell thicknesses in centimet 
are, respectively: Curve (O) undiluted, 9.245, 0.269; (a) 1.587, 1.196; (b) 0.7068, | are, respectively: Curve (O) undiluted, 9.25, 0.0015; (a) 1.597, 0.0089; (b) 0.70" 
1.196; (ce) 0.3253, 1.106; (d) 0.1408, 1.196. | 0.0192; (c) 0.3253, 0.0423; (d) 0.1408, 0.100 
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Ficure 10. Spectrum of liquid methanol from 2 to 15 microns; NaC) prism. 
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Ficure 11. O—HL stretching fundamental showing progres 
ively decreased association resulting from increased branchi 
of alkyl derivatives of 3-pentanol. 


Curve (a) 3-pentanol; (b) 3-methyl-3-pentanol; (c) 2,2,4-trimethyl-3-pentan 
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pentanol; (h) 2,2,4,4-tetramethyl-3-isopropyl-3-pentanol. 
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Ficure 13. O—H stretching first harmonic showing progres- 
sively decreased association resulting from tricreased branching 
of alkyl derivatives of 3-pentanol. 

The ordinate seale is offset to avoid overlapping. Curve (a) 3-pentanol; (b 
3-methyl-3-pentanol; (c) 2,2,4-trimethyl-3-pentanol; (qd) 2,4-dimethyl-3-ethy!- 
3-pentanol; (e) 2,2,4-trimethyl-3-ethyl-3-pentanol; (f) 2,2,4-trimethyl-3-iso- 
propyl-3-pentanol; (g) 2,2,4,4-tetramethyl-3-n-propyl-3-pentanol; (h) 2,2,4,+ 
tetramethyl-3-isopropy!-3-pentanol 
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) somewhat uncertain. Bands in the vicinity of 
62 and 9.4 » have been assigned by others to O—H 
vibrations. It was hoped that changes in any bands 
of these alcohols in this range that accompanied 
dilution would serve to identify them as O—H bands. 

Figure 8 presents the spectrum of 3-pentanol 
from 6.65 to 9.70 yw, where preliminary trials indi- 
cated such changes. The band at 6.84 y» (1,462 
em”) was used as the internal standard. The solid 
line represents the undiluted, or associated, alcohol 
and the dotted curve the most dilute solution (0.1408 
moles/liter). Dashes of intermediate lengths indi- 
cate intermediate concentrations listed in the 
caption. One good isosbestic point appears at 8.82 u 
(1,134 em™') with a molar absorbancy index of 28.6. 
There are several other indications of possible isos- 
bestic points. The location of such points in the 
spectra of compounds that dissociate on dilution 
may be of assistance in such analytical situations as 
those discussed by Coggeshall [16]. The differences 
in molar absorbancy index between the undiluted 
alcohol and the most dilute solution have been 
plotted in the upper part of figure 8. The solid 
curves indicate bands resulting bom the associated 
molecules, and the dotted curves indicate those 
resulting from molecules most of which are mono- 
meric as indicated by the small residual absorptions 
at 2.95 and 2.85 yu of curve d of figure 5. The large 
number of bands in this region affected by dilution 
may be the result of perturbations of the O—H 
bending by the terminal methyl groups of 3-pentanol, 
which can, and possibly do, come very close to the 
hvdroxyl when the whole molecule is flexed. 

It was expected that this situation could be pre- 
vented and the result simplified by the use of a 
simpler molecule. Figure 9 presents the spectrum 
of methanol from 2.5 to 12 u obtained with a rock- 
salt prism. The band at 3.39 » was used as the 
internal standard. The solid curve represents the 
undiluted alcohol, almost completely associated, as 
indicated by the small absorption at 2.74 yw. The 
dotted curve represents a dilute solution (0.0478 
moles/liter) in which the molecules are essentially 
monomeric, as indicated by the small absorptions 
at 2.96 and 2.84 w. The dashed curve represents an 
intermediate concentration. Carbon tetrachloride 
and carbon disulfide were used as solvents. The 
gaps between 4.16 and 4.80 yw and between 6.16 
and 6.68 ww in the curves for the solutions result 
from the opacity of both solvents in this region. 
Differences in molar absorbancy index between the 
undiluted alcohol and the dilute solution are shown 
in the upper part of the figure. The solid difference 
curves represent peaks resulting from associated 
molecules, and the dotted curves indicate those 
resulting from molecules most of which are monomeric. 

The strong band at 9.70u (1,031 em~'), ascribed 
by Borden and Barker [17] and by Davies [6] to the 
C—O stretching vibration between the methyl and 
hydroxyl groups, moves from 9.704 in the undi- 
luted alcohol to 9.784 and greater intensity at 
108 molar in carbon disulfide. At an intermediate 
concentration the band appears at an intermediate 








wavelength ard intensity. The change in wave- 
length from undiluted alcohol to 0.108 molar is the 
same (0.084) as that reported by Davies for his 
solutions in chloroform. 

A slight shoulder appears on the short-wavelength 
side of the peaks of both solid and dotted curves, 
which may be caused by the inplane deformation 
vibration that Borden and Barker predicted, but 
did not find, for monometer at 9.714. The shoulder 
appears here in the dotted curve at 9.744, and in 
the undiluted alcohol at 9.67,. 

Instead of the weak absorption reported by Davies 
at 9.3lu, (1,074) em™') an unequal doublet appears 
with components at 9.27 (1,079 em™') and 9.35.4 
(1,070 em). The latter, which is stronger, corre- 
sponds exactly in wavelength with the “difference 
tone”’ between the two fundamentals (1,340 em~'— 
270 em™'=1,070 em™', or 9.354) mentioned by 
Davies in this connection. Both appear to be con- 
nected with free hydroxyl. 

Instead of the weak band at 9.01, ascribed by 
Davies to the in-plane deformation vibration of 
O—H in associated molecules, we find an absorption 
connected with polymer at 8.94. Davies states, 
however, that this absorption moves to 8.96u at 
7.90 molar in chloroform. 

One of the fundamental vibrations (vy of Borden 
and Barker, at 7.474 (1,339 em™') was found by 
Davies as a single sharp peak at 7.524. Borden 
and Barker attributed this to the C—O bending 
vibration, resolvable into two mutually perpendicu- 
lar components one in and one out of the C O H 
plane and predicted a close doublet. The doublet, 
however, was unresolved by them in vapor or by 
Davies in dilute chloroform solution. This absorp- 
tion appears in figure 9 as a close unresolved doublet 
with the stronger component at 7.524, (1,330 em™~') 
where Davies found a single peak, and the weaker at 
the 7.474, (1,339 em) predicted by Borden and 
Barker for the other component of the doublet. 

Although Davies makes a good case for the assign- 
ment of this band to C—O bending, its wavelength 
falls in the general range of free O—H bending vibra- 
tions. This is too short a wavelength to be com- 
patible with a C—OH bending vibration unless the 
hydroxyl is associated. Figure 9 shows that the 
band increases in intensity on dilution, which con- 
nects it with a free vibration rather than an associ- 
ated one, as did its presence in the vapor of Borden 
and Barker and the dilute solution of Davies. Its 
assignment by them to a fundamental C—O bending 
vibration therefore seems highly questionable, especi- 
ally since they have assigned the strong band at 
9.704 to C—O stretching. 

The band reported by Davies at 7.144 (1,401 
em~'), and attributed by him to the counterpart for 
polymer of the 7.52u (1,330 em™') monomer band, 
appears in figure 9 at 7.044 (1,420 em™'). 

Two C—H bending fundamentals (y, and » of 
Borden and Barker at 6.77 and 6.874 in vapor) 
appear in figure 9 at 6.77 and 6.89y, but seem to be 
affected by dilution, which should not be the case 
unless they represent additional contributions to a 
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broad polymer absorption that overlaps their wave- 
lengths. 

The validity of the small difference peaks between 
3.6 and 6.3u is in some doubt, because of the ex- 
tremely small absorptions from which they are de- 
rived and because the dashed curve for the inter- 
mediate concentration does not in general fall be- 
tween the other two. However, the monomer peak 
at 4.92u (2,033 cm™~') and the polymer peak at 4.864 

2,058 em™') are the first harmonics of the intense 
bands at 9.74, and they bear the same relation to 
the intense bands in both wavelengths and intensity. 
Furthermore, the curve representing the intermedi- 
ate concentration appears between the other two 
in both cases. 

The peak at 10.17, in figure 9 was observed in the 
carbon tetrachloride solution but not in carbon di- 
sulfide. It has not so far been accounted for, but it 
appears to be connected with monomer. 

The spectrum of liquid methanol from 2 to 15u 
obtained with a rock-salt prism and several cells is 
presented in figure 10. The solid curve of figure 9 
was plotted on its linear ordinate scale (molar ab- 
sorbance index) from the same data from which two 
of the curves of figure 10 were plotted. In the latter, 
the ordinate scale (transmittance in percentage) is 
logarithimic in absorbance. Each type of plot 
emphasises and facilitates the presentation of spec- 
tral information that the other cannot. 


3. Effect of Steric Hindrance on Association 


Several workers, notably Coggeshall [15] and Sears 


and Kitchen [18] have shown that steric hindrance 
affects the intra- and intermolecular formation of 
hydrogen bridges in phenols. The effect of progres- 
sive branching on the association of a series of 
alkyl derivatives of 3-pentanol is shown in figures 
11, 12, and 13. Figures 11 and 12 present the effect 
on the O—H stretching fundamental, and figure 
13 shows the effect on its first harmonic. Figure 
12 presents the curves of figure 11 with the intensity 
ba = offset to avoid obscuring details of the bands 
of free hydroxyl. The curves are lettered from (a) 
to (h) in the order of increasing branching. It is 
seen that the progressive effect on association is in 
the same order. 

In the light of the information developed in the 
dilution experiments with individual alcohols, the 
following interpretation of figure 11 is offered. In 
the alcohols represented by curves a, b, ¢, and d, 
monomer, dimer, and polymer coexist in differing 
relative proportions. Considering them in turn 
from a to d, the polymer absorption at 2.98 progres- 
sively decreases, with a corresponding increase in 
dimer absorption at 2.855, which reaches a maximum 
in ¢ and decreases again ind. ‘This gives rise to the 
apparent progressive shift of the center of the band 
to successively shorter wavelengths. Curve a is 
symmetrical. Curve b indicates a predominance 
of polymer with a slight bulge on the short wave- 
length side, indicating an increasing contribution of 
dimer to the absorption. Curve ¢ indicates a pre- 
dominance of dimer with a bulge on the long wave- 





length side, indicating the residual contribution « 
— to the absorption. Curve d, which 

ugain approximately symmetrical, indicates tha 

although the dimer population is less than in ¢, th 
ro mer population has almost disappeared, as show 
by the small absorption at 2.984. Simultaneous! 
with these changes the population of free hydroxy | 
has progressively increased, as may be seen mor 
readily in figure 12. 

Considering curves d, e, f, g, and h, as more and 
more methyl groups are substituted for the hydrogen 
atoms on the chain, the mutual repulsion of the mass 
of hydrogen atoms of one molecule for those of an- 
other prevents as close an approach of the hydroxy! 
groups as had been possible before. Not only does 
the formation of polymer become impossible, but the 
hydrogen bridge to form dimer ts_ progressively 
stretched out. The progressively weakened bridge 
in dimer exerts less and less effect upon the O—II 
valence bond, with the result that the force constant 
of the latter is greater and the wavelength of its vi- 
bration is progressively shorter until in f it appears 
at 2.822u. In curve g the dimer population has 
deumment until the absorption is a mere vestige, 
which has disappeared in h. Simultaneously the 
population of free hydroxy! has continued to increase, 
as may be seen from both figures 11 and 12. 

The free hydroxyl band of curve ¢ in figure 11 is a 
doublet with the stronger peak at 2.7654 and the 
weaker at 2.743u. It will be noted that as branch- 
ing increases from curve a to curve h the more in- 
tense absorption in the free hydroxyl band tends in 
general to shift from 2.765 to 2.748. 

In figure 12 it will be seen more readily that the 
free hydroxyl peaks of curves a and b occur in the 
vicinity of 2.764. The doublet of curve ¢ occurs at 
about 2.76 and 2.74y, and those of curves d and e 
occur at about 2.764 with shoulders on the short- 
wavelength sides. In curves f, g, and h the free 
hydroxyl peak occurs at 2.748u, in curve f with a 
spur, and in curve g with a shoulder, on the long- 
wavelength side. hese data support those pre- 
sented ~ all in connection with the dilution study of 
2,4-dimethyl-3-ethyl-3-pentanol, illustrated in figure 
6, and are strongly indicative of the existence of a 
single-bridge type of dimer. Of course the single- 
bridge type of linkage between molecules lends itself 
to the formation of polymeric aggregates by the ad- 
dition of more molecules to dimer, as in figure 1. 
Unless these aggregates form closed rings, there 
would always be one free O—H per aggregate of 
polymer, which would contribute its absorption at 
so nearly the same wavelength as the free hydroxy! 
of dimer as to be indistinguishable from it. The rela- 
tive contribution of such terminal hydroxyl groups 
would of course decrease as the size of the aggregate 
increased. In the less branched molecules polymer 
would predominate, and the free hydroxyl absorp- 
tion of curves a and b of figure 12 would be accounted 
for by relatively few dimeric pairs linked by a single 
bridge. Then as branching increases, dimer woul 
predominate, with some monomer as indicated by 
the shoulders on the short wavelength sides of th: 
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aks of curves d and e. On further branching the 

maining dimer would dissociate until finally almost 

the free hydroxyl absorption would be from 

onomer, as indicated by curves g and h at 2.748. 

Several of the curves show minor peaks from 2.78 
to 2.794 that vary with the different alcohols. These 
may be artifacts or contributions of other vibrations 
in the molecule than those of O-H. 

The free hydroxyl absorption, as shown by the 
first harmonic in figure 13, follows the same general 
pattern as that just described, occurring at wave- 
lengths as long as 1.414 in curves a and b and appear- 
ing consistently at 1.400u in curves f, g, and h. 
Small absorptions at 1.434 in curves c, d, and e 
may be those of dimer. Those at 1.492y in a and 
at 1.465u in b probably represent polymer. The 
small shoulders at 1.448, in ctirves c, d, and e have 
not been identified. 


The absorptions from 1.37 to 1.38 uw and those | 


above 1.50 appear not to be connected with hydroxyl. 

The spectra of the alkyl derivatives of 3-pentanol, 
successively branched by the substitution of methyl 
groups for hydrogen, as observed using the rock-salt 
prism, are shown in figures 14 to 21, and as observed 
by using the lithium fluoride prism in figures 22 to 
29. It will be seen in the latter group of figures 
that the first harmonic of the free hydroxy] vibration 
at about 1.44 is always stronger, relative to the 


bands resulting from associated hydroxyl, than is | 


the case with the fundamentals, as noted by Stanford 
and Gordy [19]. 

In connection with steric effects, it may be of 
interest to note the use of the difference in wave- 
length between monomer and polymer bands as a 
measure of the electronegativity of the group or 
atom to which the bridge-forming hydrogen is 
attached, such as in the studies by Gordy and others, 
of which the paper by Gordy and Stanford [20] is 
an example. Also to be noted is the use of the dif- 
ference as a measure of steric hindrance in studies 
like those of Coggeshall [16] and Sears and Kitchen 
[18] with phenols. It would appear that such studies 
may be expected to yield valid results only where 
the effect of each factor is considered in the study of 
the other. The variations in size, and the effects 
on the distance of approach; of molecules produced 
by branching in the present study have negligible 
effect upon the electronegativity of the carbon atom 
to which the hydroxyl is attached. It is believed 
that observed differences in wavelength result pre- 
dominantly from steric effects. 


4. Confirmation of the Assignment of the 2.86-Micron 
Band to Dimer 


It will have been noted that in the case of the 
O—H stretching fundamental, the spectra of all the 
alcohols studied at concentrations intermediate be- 
tween the undiluted alcohol and very dilute solutions 
show a band in the vicinity of 2.864. This band 

lso appears in carbohydrates such as sugars and 
cellulose. It has been ascribed to the dimer state 

' aggregation by several workers [8, 4], but at- 





tempts at proof have been indirect and not entirely 
conclusive. Direct methods have been unsuccessful 
because, invariably in solutions over a range of con- 
centrations, monomer, dimer, and polymer states of 


aggregation coexist. The presence of polymetic ag- 


gregates, varying in the number of alcohol molecules 
per aggregate, and none of them known, made im- 
possible for previous workers a direct solution for an 
equilibrium constant between monomer and dimer. 

An examination of curve d of figure 11 in com- 
parison with the other curves shows that 2,4-dimen- 
thyl-3-ethyl-3-pentanol, undiluted, has a strong rela- 
tively sharp band at 2.8554 and only a relatively 
small absorption at 2.98u, indicating that this al- 
cohol exists essentially as monomer and dimer. Any 
polymer present appears to be small relative to dimer 


| and decreases on dilution, as shown in figure 6. 


2,4-Dimethyl-3-ethyl-3-pentanol (referred to here- 
inafter as the alcohol) was measured in successively 
more dilute solutions in carbon tetrachloride until 
the only significant absorption was that of free 
hydroxyl. 

By plotting molar absorbancy index at 2.76. 
versus the log of the concentration in formula weights 
per liter as in figure 30 and extrapolating to a con- 
stant value of the index, the working value of 44 
was established for the molar absorbancy index of 
monomer. 

Two assumptions were then made: (1) That the 
formula weight absorbancy index for the free hy- 
droxyl of single-bridge dimer would be substantially 
the same as that for monomer; (2) that the absorp- 
tions of monomer at 2.764 and dimer at 2.85 
separately would obey Beer’s law. Then, using the 
value 44, (the molar absorbancy index of monomer), 
as a measure of free hydroxyl, the molar concentra- 
tions of total free hydroxyl in five solutions with 
total concentrations from 0.201 molar to the undi- 
luted alcohol (5.92 molar) were determined. 

On the basis of the evidence developed above for 
the existence of single-bridge dimer, values for the 
percentage of monomer in the mixture of monomer 
and single-bridge dimer contributing to the absorp- 
tion of free hydroxyl were assumed in each of the six 
cases. This gave six values for the concentration of 
monomer, which, with the known total concentra- 
tion, gave by difference six corresponding values for 
the concentration of the associated alcohol in formula 
weights per liter. From these and the measured ab- 
sorptions at 2.86, six values of the absorbancy index 
were obtained. Having assumed that this absorp- 
tion obeys Beer’s law, which implies that all six 
values of the formula weight absorbancy index should 
be the same, the values assumed above for the per- 
centage of monomer in the mixture of monomer and 
single-bridge dimer were adjusted until the resulting 
six values of formula weight absorbaney index at 
2.86u were the same to £0.5 percent. The assumed 
values of the percentage of monomer required to ac- 
complish this result were plotted versus total concen- 
tration in figure 31. They were found to fall on a 
smooth curve and to be entirely reasonable. 

The average value (61.42) for the Tormula weight 
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absorbancy index for the remaining (associated) 
aleohol was then used with the cell thicknesses and 
measured absorptions at 2.864 to compute six values 
for the concentrations of the remainder that did not 
differ significantly from those obtained by difference, 
but which had been smoothed slightly by adjusting 
and averaging the indices. 

These formula weight concentrations of monomer 
and of the remainder as derived above were then 
used to compute the equilibrium constants A, =|re- 
mainder]/[monomer], A, = [remainder as dimer]/[mon- 
omer}’, and A,=|remainder as trimer]/[monomer}’. 

The result is presented in the following table. 


Total concen- Equilibrium constants 


tration (For- an 


Solution muls weight 

per liter) kK Ko Ky 
oO 5. 92 34. 1 198. 5 1, 150 
a 2. 85 2. 15 2. 39 2. 65 
x 1. 345 0. 623 0. 751 0. 906 
b 0. 898 . 437 698 1. 12 
c . 468 . 245 652 1. 74 
d . 201 114 679 4.13 


It will be noted that A, and Ay show no indication 
of an approach to a constant value, whereas values 
of K, for total concentrations below about 1 molar 
are much more nearly constant than those of Ks. 
The fact that the values derived on the assumption 
of dimer are relatively constant for the lower con- 
centrations tends to support the assignment of the 
absorption at 2.864 to dimer. The increase in K, 
for solutions above about | molar indicates that 
monomer is decreasing faster than dimer is increas- 
ing. This probably means that above about | molar 
some polymer begins to form. 

As an independent means of determining the state 
of aggregation, a method of isotonic vapor pressures 
similar in principle to that described by Lassettre 
and Dickinson [21] was chosen. Experiments of a 
preliminary nature were performed to determine 
the suitability of the method and to delineate the 
technique and control of variables that would be 
required for an accurate determination of the state 
of aggregation. 

Solutions of orthoterphenyl and of alcohol of 
different concentrations in carbon tetrachloride were 
prepared by weight, placed in platinum cans with a 
large glass ball in each to insure mixing, the cans 
enclosed in a gold-plated brass bomb that was then 
evacuated and the assembly agitated during the 
approach toward equality of the vapor pressures of 
the two solutions. The formula weight absorbancy 
index of each solution at 2.76 and 2.864 was deter- 
mined before and after the experiment. 

This, with the weights of the cans and contents 
before and after the experiment, permitted the com- 
putation of the final concentration of monomcr and 





| 


of the associated alcohol remaining as dimer | + 
trimer, with one-half or one-third as many agg: - 
gates, respectively, as for monomer. 

Had the uncertainties in the values of the severs| 
variables involved been sufficiently small, and hy» 
equilibrium been certainly attained, the final mola 
concentration of aggregates in the final alcohol sol) 
tion should equal that in the final reference monom: + 
solution. Compared with the molar concentration 
found by weighing for the reference monomer, the 
result favored dimer only slightly more than trimer, 
with monomer being definitely eliminated. Never- 
theless, the results from this preliminary and 
inadequately controlled experiment tend to support 
those obtained by the other method. The informa- 
tion developed indicates that much more precise 
results may be expected under more accurately con- 
trolled experimental conditions. 

The results of both methods lend support to the 
assignment of the O—H_ stretching vibration at 
2.86u to dimer. 


VI. Conclusions 


On the basis of information developed by others, 
as well as in the present study of progressively diluted 
alcohols, it is concluded that the use of the expres- 
sion “wavelength shift’’ in connection with the 
difference in wavelength of absorption bands charac- 
teristic of monomer, dimer, and polymer states of 
aggregation may be misleading. It is suggested 
that this term be reserved for those cases in which 
the wavelength of a band changes progressively with 
changing conditions. 

The effects of steric hindrance and of dilution 
upon the association of alcohols appear to be roughly 
parallel. 

The location of suitable isosbestic points in the 
spectra of associated materials may facilitate the 
use of their spectra in quantitative analytical 
procedures. 

The evidence for the existence of a single-bridge 
dimer appears to be as good as previous evidence 
against it, with the possibility that both single- 
bridge and double-bridge types may coexist. 

The assignment to the dimeric state of aggregation 
of the band at 2.86 uw has been given strong support 
by more direct methods, made possible by the use of 
2,4-dimethyl-3-ethyl-3-pentanol. This assignment 
will facilitate the interpretation of the structure of 
carbohydrates by means of their spectra. 

The consistent and reasonable results obtained by 
two independent methods used to confirm the dimer 
assignment lend confirmation to the assumptions 
upon which the computations were based: (a) That 
monomer and dimer separately obey Beer’s law, (b 
that a single-bridge type of dimer exists, and (c 
that monomer and single-bridge dimer contribute to 
the free hydroxyl absorption in approximately the 
proportions assumed. 
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Figure 14, 3-Pentanol; NaCl prism, 
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Ficure 15. 3-Methyl-3-pentanol; NaCl prism. 
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Ficure 16. 2,2,4-Trimethyl-3-pentanol; NaCl] prism. 
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Fioure 17. 2,4-Dimethyl-3-ethyl-3-pentanol; NaCl prism 
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Figure 22. 3-Pentanol; LiF prism. Figure 23. 3-Methyl-3-pentanol; LiF prism. 
Ficure 24. 2,2,4-Trimethyl-3-pentanol; LiF prism. 
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? 4-Dimethyl-3-ethyl-3-pentanol LiF prism. Freure 26. 2,2,4-Trimethyl-3-ethyl-3-pentanol; LiF pris: 


Ficure 27. 2,2,4-Trimethyl-3-isopropyl-3-pentanol; LiF prism. 
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Ficure 30. Molar absorbancy index for free hydroxyl (2.76 
microns versus concentration of 2,4-dimethyl-3-ethyl-3- 
pentanol, 
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Fieure 31. 


hydroayl absorption versus total molar concentration of 2,4- 


dimethyl-3-ethyl-3-pentanol. 
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